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ABSTRACT 

A dry s e p a r a t i o n  process  f o r  removing p y r i t e  from f i n e  c o a l  
u t i l i z i n g  c e n t r i f u g a l  and e l e c t r o s t a t i c  methods removed 35 t o  55 
percent  of t h e  t o t a l  p y r i t i c  s u l f u r  (amounting t o  70 t o  100 p e r c e n t  
of a v a i l a b l e  p y r i t i c  s u l f u r )  i n  r e j e c t s  of 10 t o  15 p e r c e n t .  Both 
s e p a r a t i o n  methods a r e  b e n e f i t e d  by r e s t r i c t i n g  t h e  p a r t i c l e - s i z e  
range and keeping t h e  p y r i t e  p a r t i c l e s  a s  l a r g e  a s  p o s s i b l e .  Removal 
e f f i c i e n c y  i s  increased ,  t h e r e f o r e ,  by i n t e g r a t i n g  t h e  s e p a r a t i o n  and 
g r i n d i n g  o p e r a t i o n s ,  a s  i n  s t a g e  gr inding .  

INTRODUCTION 

R e l a t i v e l y  coarse  c o a l  can be cleaned q u i t e  e f f e c t i v e l y  a t  t h e  
However, t h e  removal of f i n e  p y r i t e  cannot  be mine by wet processes .  

completed u n t i l  t h e  c o a l  i s  f i n e l y  pulver ized .  Because of  t r a n s p o r t a -  
t i o n  l o s s e s ,  t h i s  f i n a l  p u l v e r i z a t i o n  i s  u s u a l l y  c a r r i e d  o u t  a t  t h e  
p o i n t  of use r a t h e r  than  t h e  mine. Furthermore,  i f  t h e s e  f i n e s  were 
t o  be cleaned by wet methods, problems of c o a l  d r y i n g  and wet waste  
d i s p o s a l  would be in t roduced .  \ 

I n  the  d r y  process  repor ted  h e r e  and shown i n  f i g u r e  1, t h e  c o a l  
is ground then subjec ted  t o  c e n t r i f u g a l  s e p a r a t i o n  f o r  removal of t h e  
f i n e s  a s  l i g h t ,  p y r i t e - d e p l e t e d  f r a c t i o n s  l e a v i n g  a heavy, p y r i t e -  
enr iched  f r a c t i o n .  The l i g h t  f r a c t i o n s  amounting t o  10 t o  50 percent  
of the  feed a r e  taken  a s  a c l e a n  product .  The heavy f r a c t i o n  is  passed 
t o  an e l e c t r o s t a t i c  s e p a r a t o r  t h a t  c o n c e n t r a t e s  t h e  p y r i t e  i n  a r e j e c t  
f r a c t i o n  of about 10-15 p e r c e n t . L  

L b l i n u t e s  of t h e  "Removal of P y r i t e  from Coal" Conference,  U.  S. Bureau 
of Mines, P i t t s b u r g h  Coal Research Center ,  Bruceton, Pa . ,  A p r i l  2 2 ,  23, 
24, 1968, pages 69-91. 
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C e n t r i f u g a l  S e p a r a t i o n  

A CKOSS s e c t i o n  of t h e  c e n t r i f u g a l  s e p a r a t o r  is  shown i n  f i g u r e  2. 
P a r t i c l e s  of  c o a l  d r o p  down t h e  hollow d r i v e  s h a f t  o n t o  t h e  s p i n n i n g  
s p r e a d e r  d i s k  and a r e  thrown o f f  i n t o  t h e  r i s i n g  s t ream of r e c i r c u l a t e d  
a i r .  
cone and o u t  t h e  heavy p r o d u c t  e x i t .  
e n t r a i n m e n t  a r e  c a r r i e d  i n t o  t h e  s w i r l  of a i r  c r e a t e d  by t h e  c e n t r i f u g a l  f a n  
and a r e  c l a s s i f i e d  a c c o r d i n g  t o  p a r t i c l e  mass. 
c a r r i e d  i n t o  t h e  a n n u l a r  space  between t h e  i n n e r  and o u t e r  cones from where 
t h e y  drop  out  t h e  l i g h t  p r o d u c t  e x i t .  
t h e  w a l l s  of  the chamber where they  f a l l  i n  t h e  s t a g n a n t  a i r  l a y e r  near  t h e  
w a l l  and leave  t h e  s e p a r a t o r  v i a  t h e  heavy p r o d u c t  e x i t .  The s i z e  of f i n e s  
c a r r i e d  i n t o  t h e  a i r  swirl of  t h e  c l a s s i f y i n g  f a n  can  be  l i m i t e d  by a d j u s t i n g  
t h e  v e l o c i t y  of  t h e  r e c i r c u l a t e d  a i r .  
r e c i r c u l a t e d  a i r  v e l o c i t y  and r e f e e d i n g  t h e  heavy f r a c t i o n  w i t h  each  i n c r e a s e  
i n  a i r  ve loc i ty ,  a series of  f i n e  c u t s  may be  o b t a i n e d .  

P a r t i c l e s  t h a t  a r e  t o o  heavy t o  become e n t r a i n e d  drop  i n t o  the t a i l i n g s  
P a r t i c l e s  whose d e n s i t y  and shape a l low 

The l i g h t e r  p a r t i c l e s  a r e  

The h e a v i e r  p a r t i c l e s  a r e  thrown t o  

S t a r t i n g  a t  t h e  lowes t  s e t t i n g  of  

E l e c t r o s t a t i c  S e p a r a t i o n  

E l e c t r o s t a t i c  s e p a r a t i o n s  u t i l i z e  t h e  d i f f e r e n c e  i n  c o n d u c t i v i t y  . o r  
d i e l e c t r i c  p r o p e r t i e s  of coal and a s s o c i a t e d  m a t e r i a l ,  such  a s  p y r i t e ,  to 
m a i n t a i n  o r  adequa te ly  lose an induced charge  under  dynamic c o n d i t i o n s .  
F i g u r e  3 shows t h e  s e p a r a t i o n  s e c t i o n  of  a "high i n t e n s i t y ' '  e l e c t r o s t a t i c  
s e p a r a t o r .  A s u f f i c i e n t l y  d i s p e r s e d  l a y e r  o f  f e e d  i s  ma in ta ined  on t h e  
e l e c t r i c a l l y  grounded r o t o r  f o r  i n d i v i d u a l  p a r t i c l e  c o n t a c t .  The f e e d  
p a s s e s  unde r  an a c t i v e  e l e c t r o d e  f o r  exposure  t o  i o n i c  bombardment. 
Subsequen t ly  t h e  p a r t i c l e s  e i t h e r  become of e q u i p o t e n t i a l . w i t h  t h e  r o t o r ,  
a s  would a conductor ,  and a r e  r e l e a s e d ,  o r  i f  a d i e l e c t r i c  m a t e r i e l  such 
a s  c o a l ,  remain a t t a c h e d  t o  t h e  r o t o r .  All p a r t i c l e s  a r e  a l s o . s u b j e c t e d  
t o  c e n t r i f u g a l  and g r a v i t a t i o n a l  f o r c e s .  The s p l i t t e r s  a r e  imed t o  d i v i d e  
t h e  stream of r e l e a s e d  m a t e r i a l  f o r  t h e  most e f f e c t i v e  c o n c e n t r a t i o n s  of 
reject ,  middlings,  and product .  1 ,  

D r y  feed m a t e r i a l s  s u b j e c t e d  t o  "high i n t e n s i t y "  o r  a corona f i e l d  
of d i s s o c i a t e d  g a s  m o l e c u l e s  a r e  momentar i ly  a t t r a c t e d  t o  the r o t o r .  
h i g h  i n t e n s i t y  band is r e l a t i v e l y  narrow and depends on t h e  p rox imi ty  of  
t h e  a c t i v e  e l e c t r o d e  and the i n t e n s i t y  o f  the r e c t i f i e d  t r a n s f o r m e r  c u r r e n t .  
A range  of  18 k i l o v o l t s  t o  30 k i l o v o l t s  was found adequate  f o r  p a r t i c l e  
a t t r a c t i o n ,  a l though t h e  u n i t  had a range up t o  40 k i l o v o l t s .  
f i n e  p a r t i c l e s  s e p a r a t e  more e f f i c i e n t l y  w i t h  h i g h e r  r o t o r  speeds  and lower 
v o l t a g e s ,  while l a r g e r  p a r t i c l e s  g i v e  better s e p a r a t i o n  a t  lower r o t o r  
speeds  and h igh  v o l t a g e s .  F o r  these r e a s o n s  t h e  s i z e  of  p a r t i c u l a t e  i s  
b e s t  k e p t  w i t h i n  narrow r a n g e s  f o r  a s i n g l e  p a s s  u n i t .  
u n i t s  w i t h  p r o v i s i o n s  f o r  s i z i n g  of r e j e c t  and /o r  midd l ings  a t  50 mesh 
would g i v e  h i g h e r  c o n c e n t r a t i o n  o f  p roduc t  t h a n  m u l t i p a s s  units alone.  

This 

Genera l ly ,  

However, m u l t i p a s s  
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Other f a c t o r s  a r e  a l s o  involved i n  making e f f i c i e n t  s e p a r a t i o n s ,  
such a s  a tmospheric  humidi ty ,  mois ture  and f i n e s  conten t  of t h e  c o a l .  
Humidity a f f e c t s  i o n i z a t i o n  and s e p a r a t i o n s  a r e  improved a t  a mid-range. 
Moisture and f i n e s  conten t  a f f e c t  t h e  e x t e n t  of b a l l i n g  of f i n e s  and 
c o a t i n g  of t h e  l a r g e r  p a r t i c l e s ,  
s e p a r a t i o n  e f f i c i e n c y ,  and both  must be c o n t r o l l e d  f o r  e f f i c i e n t  
s e p a r a t i o n .  

N e i t h e r , o f  t h e s e  f a c t o r s  enhances 

G r i n d a b i l i t y  Aids Separa t ion  

Figure 4 demonstrates  t h a t  c o a l  is  ground t o  70 p e r c e n t  below 
200 mesh i n  one-seventh of t h e  t i m e  requi red  f o r  p y r i t e .  While t h e  
spread is  less i n  t h e  e a r l y  s t a g e s  of Hardgrove m i l l i n g  (a b a l l  and 
race m i l l ) ,  i t  i n c r e a s e s  r a p i d l y  a s  m i l l i n g  proceeds.  S ince  b o t h  
c e n t r i f u g a l  and e l e c t r o s t a t i c  s e p a r a t i o n  remove l a r g e r  p a r t i c l e s  of 
p y r i t e  more e f f i c i e n t l y  than  f i n e  p a r t i c l e s ,  the  advantage o f  p u l v e r i z i n g  
i n  a manner t h a t  minimizes p y r i t e  g r i n d i n g  i s  apparent .  
proper  gr inding  process  i s  incorpora ted  a s  s taged  s t e p s  of  t h e  removal 
system, p y r i t e  could be removed a s  it is  re leased  from t h e  c o a l  m a t r i x .  

Thus, if t h e  

C e n t r i f u g a l  S e p a r a t o r  Performance 

The c a p a b i l i t y  of  c e n t r i f u g a l  s e p a r a t i o n  f o r  removing p y r i t e  
from c l o s e l y  s i z e d  feed  m a t e r i a l  is  shown i n  t a b l e  1 and f i g u r e  5. The 
p o r t i o n  of t o t a l  p y r i t i c  s u l f u r  concent ra ted  i n  a 10-percent  r e j e c t  
increased  a s  t h e  p a r t i c l e  s i z e  decreased u n t i l  n e a r l y  60 p e r c e n t  was 
concent ra ted  from t h e  270 x 400 mesh c u t .  The accompanying b a r  a t  each 
s i z e  f r a c t i o n  i n  f i g u r e  5 shows t h e  p y r i t i c  s u l f u r  which is a v a i l a b l e .  
Avai lable  p y r i t i c  s u l f u r  i s  def ined  as p y r i t i c  s u l f u r  i n  the s i n k  p o r t i o n  
from f l o a t - s i n k  s e p a r a t i o n  a t  a s p e c i f i c  g r a v i t y  of  1.6. The s i z e  and 
chemical a n a l y s i s  of t h e  c o a l  from which these  c l o s e l y  s i z e d  f r a c t i o n s  
were taken i s  shown i n  t a b l e  2 .  It i s  s i g n i f i c a n t  t h a t  t h e  400 x 0 mesh 
f r a c t i o n  underwent r e v e r s e  enrichment  when s u b j e c t e d  t o  c e n t r i f u g a l  
s e p a r a t i o n .  This  demonstrated t h e  b r e a d t h  of  p a r t i c l e - s i z e  range of t h i s  
f r a c t i o n  c o n t a i n i n g  extremely f i n e  p y r i t e .  The amount of the f i n e  p y r i t e  
probably r e s u l t e d  from g r i n d i n g  i n  an a i r - swept  m i l l  i n  which t h e  p a r t i c l e s  
a r e  re turned  t o  t h e  m i l l  u n t i l  f i n e  enough t o  be c a r r i e d  o u t  by t h e  a i r  
sweep. 

E l e c t r o s t a t i c  Separa t ion  Performance 

The e f f e c t i v e n e s s  of e l e c t r o s t a t i c  s e p a r a t i o n  f o r  c o n c e n t r a t i n g  
p y r i t e  i s  shown by t a b l e  3 .  Blends c o n s i s t i n g  of 90 p e r c e n t  c o a l  and 10 
percent  p y r i t i c  m a t e r i a l  were submit ted t o  t h e  e l e c t r o s t a t i c  s e p a r a t o r .  
Each component of t h e  blend had been previous ly  c leaned  by f l o a t - s i n k  
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s e p a r a t i o n ,  i . e . ,  the .  c o a l  f l o a t e d  a t  1.6 s p e c i f i c  g r a v i t y  while  t h e  
p y r i t i c  m a t e r i a l  repor ted  t o  s i n k  a t  2.89 s p e c i f i c  g r a v i t y .  With c l o s e l y  
s i z e d  f r a c t i o n s  of t h e s e  b l e n d s ,  t h e  s e p a r a t i o n  was very sharp.  As shown 
i n  t a b l e  3 with t h e  80 x 100 mesh f r a c t i o n ,  n e a r l y  98 percent  o f  t h e  
p y r i t e  was r e j e c t e d  whi le  97 p e r c e n t  of t h e  c o a l  went t o  t h e  product  b in .  
Treatment of t h e  270 x 400 mesh f r a c t i o n  placed 98 percent  of t h e  p y r i t e  
i n  t h e  reject  b i n ,  92 p e r c e n t  of t h e  c o a l  i n  product  bin, and about 6 per- 
c e n t  of t h e  c o a l  i n  t h e  middl ing  b i n .  

Combined C e n t r i f u g a l - E l e c t r o s t a t i c  Separa t ion  Performance 

The f l o a t - s i n k  behavior  of ground Pi t tsburgh-seam roof c o a l  a t  
1.6 s p e c i f i c  g r a v i t y  i s  shown i n  f i g u r e  6 .  The upper curve shows t h e  
p o r t i o n  of  these c o n s i s t s  below 200 mesh. The r e s u l t s  of combined 

, c e n t r i f u g a l - e l e c t r o s t a t i c  s e p a r a t i o n  t rea tment  of t h i s  same c o a l  a r e  
g iven  i n  t a b l e  4 and shown i n  f i g u r e  7 .  While only about 35 percent  
of t h e  t o t a l  p y r i t i c  s u l f u r  was removed, t h i s  amounted t o  n e a r l y  70 
percent  of  the a v a i l a b l e  p y r i t i c  s u l f u r .  
a s  a v a r i a b l e  i n  t h e  p r o c e s s  t h e  i n i t i a l  s i z e  of t h e  c o a l  feed i s  16 x 30 
mesh. 

Where gr inding  time is  shown' 

Figure 8 ,  which shows t h e  d a t a  of t a b l e  5 ,  demonstrates  t h e  
improvement i n  s e p a r a t i o n  e f f i c i e n c y  when c l e a n i n g  i s  c a r r i e d  o u t  between 
s t a g e s  of gr inding.  Gr inding  of t h i s  same Pi t tsburgh-seam roof c o a l  was 
accomplished i n  t h r e e  15-minute s t a g e s  followed by one 30-minute s t a g e .  
A s  shown i n  f i g u r e  8,  over  40 percent  of t h e  t o t a l  p y r i t i c  s u l f u r  was 
removed a f t e r  t h e  f i r s t  s tage ,  wi th  an a d d i t i o n a l  1 2  percent  removed 
a f t e r  t h e  remaining g r i n d i n g  s t a g e s .  While only  about 53 percent  of 
t h e  t o t a l  p y r i t i c  s u l f u r  was removed, t h i s  amounted t o  v i r t u a l l y  a l l  
t h e  a v a i l a b l e  p y r i t i c  s u l f u r  a s  shown by t h e  upper curve of f i g u r e  8. 
The f a c t  that  more than  100 percent  of t h e  a v a i l a b l e  p y r i t i c  s u l f u r  
was removed from t h e  15- and 30-minute gr inds  was due t o  cons iderable  
s i z e  reduct ion  o c c u r r i n g  i n  c e n t r i f u g a l  s e p a r a t i o n  of  t h e s e  r e l a t i v e l y  
c o a r s e  c o n s i s t s .  

A t h i r d  c o a l  was chosen f o r  t e s t i n g  because i t s  s u l f u r  conten t  
was h ighly  p y r i t i c ,  much of which occurred a s  a l a r g e r ,  more a v a i l a b l e  
p a r t i c u l a t e .  The r e s u l t s  o f  combined s e p a r a t i o n  tests on t h i s  c o a l  a r e  
shown i n  t a b l e  6 and i n  f i g u r e  9. Over 50 percent  of t h e  t o t a l  p y r i t i c  
s u l f u r  was removed from t h e  90-minute b a l l - m i l l  product  i n  a r e j e c t  o f  
about  13 percent .  With s t a g e d  g r i n d i n g ,  i . e . ,  p y r i t e  removal s t e p s  
between gr inding  s t a g e s ,  th i s  removal could probably be increased  t o  
more than  70 p e r c e n t  o f  t o t a l  p y r i t e .  
a r e  not  y e t  completed. 

F loa t -s ink  r e s u l t s  on t h i s  c o a l  

i 
1 

4 
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CONCLUSIONS 

Wet cleaning methods c u r r e n t l y  i n  p r a c t i c e  e f f e c t i v e l y  remove 
a v a i l a b l e  p y r i t e  from r e l a t i v e l y  coa r se  c o a l .  Removal of f i n e  p y r i t e ,  
however, r equ i r e s  crushing the  c o a l  t o  very f i n e  s i z e .  If these  f i n e  
c o a l s  a r e  cleaned by wet methods, problems of d r y i n g  and wet was te  
d i s p o s a l  a r e  introduced.  

An i n t eg ra t ed  d ry  process  was i n v e s t i g a t e d  t h a t  involved g r ind ing  

C e n t r i f -  
followed by c e n t r i f u g a l  and e l e c t r o s t a t i c  s e p a r a t i o n ,  u s i n g  t h r e e  c o a l s  
t h a t  a r e  burned f o r  power gene ra t ion  i n  the  Appalachian region.  
ugal  s epa ra t ion  removed t h e  l i g h t ,  py r i t e -poor  po r t ion  of t he  crushed 
c o a l ,  a f t e r  which the  heavy f r a c t i o n  was submit ted t o  e l e c t r o s t a t i c  
s e p a r a t i o n  t h a t  concentrated t h e  p y r i t e  i n  a r e l a t i v e l y  small  r e j e c t  
po r t ion .  

From 35 t o  55 pe rcen t  of t h e  t o t a l  p y r i t i c  s u l f u r  (amounting t o  

Since both c e n t r i f u g a l  and e l e c t r o s t a t i c  s e p a r a t i o n  
70 t o  100 percent  of a v a i l a b l e  p y r i t i c  s u l f u r )  was removed i n  r e j e c t s  of 
10 t o  15 percent .  
a r e  bene f i t ed  by r e s t r i c t i n g  p a r t i c l e - s i z e  range and by ma in ta in ing  t h e  
p y r i t e  p a r t i c l e s  a s  l a r g e  a s  p o s s i b l e ,  t h e  e f f i c i e n c y  of  p y r i t e  removal 
i s  improved by i n t e g r a t i n g  g r ind ing  wi th  the  d ry  process .  

When i n t e g r a t e d  wi th  t h e  g r ind ing  o p e r a t i o n ,  t he  d ry  p rocess  was 
e q u a l l y  a s  e f f e c t i v e  a s  t he  w e t  process, and because of  i t s  p o t e n t i a l  
advantages may warrant  f u r t h e r  r e sea rch  on a l a r g e r  s c a l e .  
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Percen t  
of  feed 

8 9 . 4  

9 1 . 0  

9 3 . 5  

8 6 . 1  

8 9 . 4  

9 1 . 6  

8 8 . 6  

Feed 
s i r e ,  
U.S. 
s i e v e  - 

6 0 - 8 0  

80 -100  

100-140 

140-200 

zoo-270 

Z70-400 

too-0 
- 

P y r i t i c  
S u l f u r ,  s u l f u r .  

pc t  D C t  

2 . 3 0  0 .98  

2 .65  1.00 

2 . 7 0  1 .20  

2 .77  1.15 

2 . 4 4  0 . 9 6  

2 . 3 2  0 . 7 2  

3.47 1 . 3 1  

TABLE 1. - ~ r y  removal of P y r i t e  frcrm Cloaely mixed f r a c t i o n #  of f i n e l y  
g r a d  Pit taburuh-#e.m coal v i a  c a n t r i f u u a l  meparat ion 

~ 

L i g h t  f r a c t i o n  Heavy t r a c t i o n  

P o r t i o n  Adjusted 
P o r t i o n  of  p o r t i o +  

Of t o t a l  o f  t o t a l  
y r i t i c  t o t a l  p y r i t i c  p y r i t i c  
u l f u r ,  s u l f u r .  s u l f u r .  s u l f u r .  

1 . 8 4  13 .9  18 .2  1 7 . 2  

1 . 5 0  10 .2  12 .9  14 .3  

2 .23  8 .5  11 .4  17 .5  

2 .83  18.5 2 8 . 4  20 .4  

3 .79  20.0 31 .9  30 .1  

C C t  P C t  D C t  D C t  I 

'The p e r c e n t  of t o t a i  p y r i t i c  s u l f u r  con ta ined  i n  a 10% c o a r s e  c u t  of same composi t ion as t h e  a c t u a l  coa r se  cut .  

l o t e :  Analyses  o f  f eed  f r a c t i o n s  are given  i n  Table  2 .  

F r a c t i o n ,  
u. s. 
sieve 

16 x 60 

6 0  x 80 

8 0  x 100 

100 x 140 

140  x 200 

200 x 270 

270 x 400 

400 x 0 

C ( r ( p 0 S I E  

P o r t i o n  
o f  f e e d ,  

Pet 

0 . 8  

2 . 4  

3 . 1  

10.1 

12.6 

10.3 

11.9 

48 .8  

100.0 

S u l f u r ,  
PCt - 

2 . 1 3  

2 .02  

2 .06  

2.27 

2 . 3 4  

2 .59  

2 . 6 0  

2 .17  

2 . 3 5  

P o r t i o n  
of t o t a l  
sulfur, 

PCt 

0 . 7  

2.1 

2 .8  

10.0 

12.9 

11.7 

13.5 

4 6 . 3  

102.6 

Fyritic 
sulfur, 

PCt 

0 .75  

.65 

.66 

.90 

.97 

1.14 

1.18 

.85 

.97 

P o r t i o n  
O f  t o t a l  
p y r i t i c  

13 .2  6 . 2 0  

6 . 2 7  

15 .1  6 . 2 0  

44 .7  7 . 5 3  

104.3 6 . 9 4  

r 

P o r t i o n  
of t o t a l  
ash. p c t  

0 . 9  

2 . 2  

2 .7  

8 .9  

1 1 . 4  

9 . 4  

10 .8  

53.7 

101.3 
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Component 

Coal  
P y r i t i c  m a t e r i a l  3 

Coal L 
P y r i t i c  m a t e r i a l  3 

TABLE 3 .  - E l e c t r o s t a t i c  s e p a r a t i o n  of  c l o s e l y - s i z e d  b lends  con- 
s i s t i n g  of 90 percent  c o a l ,  10 percent  p y r i t i c  m a t e r i a l  

D i s t r i b u t i o n  of each component, percent  
Rejec t  I Middling I Product 

8 0  x 100 mesh b lend  

2.7 9;:; 97.8 
270 x 400 mesh blend 

1.8 6.2 92.0 
97.9 2.0 .1 1 

TABU 4 .  - Combined centrifuaal-electrostatic s e p a r a t i o n  of p y r i t e  
f r w  a P i t t s b u r g h  s e m  roof  c o a l  

Product  o f  combined 
l e c t r o s t a t i c  s e p a r a t i o n  I s e p a r a t i o n s  

d2 

Y i e l d ,  Analys is  Pc t  

feed  product ,  t o t a l  

r . l t i c  

p c t  of of of 

PCt ~ PY- 

To- Py- s u l -  
t a l  r i t i c  f u r  
s u l -  SUI- 
f u r  f u r  

92.2  3 . 7 8  1.62 8 2 . 3  

8 9 . 2  3 . 5 9  1 .44  70.1  

9 0 . 4  3 . 4 9  1 . 3 4  6 4 . 1  

89 .6  3 .57  1 .42  6 9 . 3  

9 4 . 0  3 .59  1 .44  6 9 . 4  

85 .9  3 . 6 3  1.47 6 4 . 6  

8 9 . 2  3 . 4 5  1.30 5 9 . 4  

9 0 . 7  3 . 5 1  1.36 6 2 . 9  

( e j e c t  of combined 
s e p a r a t i o n s  

' C t  e c t  PCt 
rf of of 
'eed t o t a l  t o t a l  

py- a v a i l -  
r i t i c  a b l e  
s u l -  py- 
f u r  r i t i c  

sulfur 

7 . 8  17 .7  6 1 . 2  

10.8 2 9 . 9  103.5  

9 . 6  3 5 . 9  7 8 . 6  

10 .4  30 .7  6 7 . 2  

6 . 0  30 .6  57 .9  

14 .1  3 5 . 4  6 7 . 0  

10 .8  4 0 . 6  7 6 . 9  

9 . 3  3 7 . 1  7 0 . 2  

L A l l  4 runs i n  the 6 0  minute c o n s i s t  were made by r e c o n s t i t u t i n g  e l e c t r o s t a t i c  s e p a r a t i o n  products  and 

5 P r i t e  s u l f p r s  were c.alcul ed rom t o t a l  u l f u r  u s i n g  the  r e l a t i o n  P.S. = .96 (T.S.) - 2 . 0 1 .  T h i s  r e l a t i o n  

S T h e  p e r c e n t  of t o t a l  p y r i t i c  s u l f u r  r e p o r t i n g  t o  sink @ 1.6 sp  g r  is taken  8s the percent  of available 

adding  the  l a s t  c u t  from c e n t r i f u g a l  s e p a r a t i o n .  

As determined experimenta%y tor t h i s  c o d .  

p y r i t i c  s u l f u r .  
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m a l - e l e c t r o s t a t i c  meparation of p y r i t e  from B 

seem roof c o a l  u t i l i z i n p  .ataged grindin& 

E l e c t r o s t a t i c  seDara- 

TABLE 5 .  - Combined Cent r  
P i t t s b u r g  

Product of Combined 

Centrifugal s e p a r a t i o n  
Feed product 

Pct 
,f 
t o t a l  
PY- 
C i t i C  
SUI- 
fur  

6 8 . 9  

6 4 . 0  

36.2 

18.0 

* 45.7 

Separa t ion  

I 
2 

Yield .  Analys is  Pet 

feed  product ,  t o t e l  

r i t i c  

p c t  Of of of 

PCt PY- 

To- Py- SUI- 
t a l  r i t i c  f u r  
sul- S U I -  

f u r  f u r  

8 8 . 1  2 .64  1.53 7 3 . 6  

9 0 . 1  2.79 1.68 7 4 . 2  

8 4 . 8  2 .28  1.18 54.7 

8 7 . 1  2.15 1.05 50.0 
b z  

L 
Ana l y s i s ,  
PCt 

c t  
f 
o t a  
Y- 
i t i  
U l -  
ur 

- 
18.  

2 .  

I .  

3 .  - 

C m u l a t  ive 
product t o t a l  I E l e c t r o s t e t i c  separa- 

t i o n  r e j e c t  ;;;- t i o n  1 , A  p c t  a l , i i ?  

feed ,  

TO- Py- 
t a l  r i t i c  
a"]- e u l -  
f u r  f u r  

9 . 4  9 . 9 8  7 .57  

3.2 5.61 3 . 3 8  

3 . 1  4 .92  2 . 7 1  

1.2 4 . 7 2  2 .52  

E l e c t r o s t a t i c  
s e m r a t i o n  
product  

1 I 

- 
C t  
f 
o t a l  
Y-  
1 t i c  
U l -  
"r 

- 
18.7 

20.9 

21.9 

24.9 - 

Cumulative 
r e j e c t  t o t a l  

> P y r i t i c  s u l f u r s  were ca lcu lo ted  from t t a l  s u l f u r  u s i n g  t h e  r e l a t i o n  P.S. - .96 (T.S.) - 2.01 .  

3 me percent  8 t o t a l  pyritic sul iur r e p h r t i n g  t o  s i n k  @ 1.6 ap gr is taken as the percent  of avai lable  

This  relation was 
determined ex  e r i m e n t a l l  

p y r i t i c  s u l f u r .  

f o r  t h  s coa? 

TABLE 6 .  - Combined centrifunsl-electroitatic s c m r a t i o n  of p y r i t e  from 
P i t t s b u r p h  Bern s t r i p  mine 

t i o n  product '  
: e jec t  of em- 
' i ned  s e p a r a t i o n  

r i t i i  

1 
1.9 26 .4  

9 . 9  25 .8  

5 . 2  45 .3  L 2.9  50 .0  

L 
PC t 
of 
t o t a l  
a v e i l -  
a b l e  
PY- 
r 1 t i e  
S U I -  

f u r  

51.5  

43 .7  

6 1 . 9  

6 5 . 0  

; P y r i t i c  sulfur is c a l c u l a t e d  by t h e  r e l a t i o n  P.S. - 0 . 9 9  (T.S.) - 1.079.  

LThe percent  of t o t a l  p y r i t i c  s u l f u r  r e p o r t l n g  t o  a i n k  @ 1.6 ap g r  is r e f e r r e d  t o  as the  a v a i l a b l e  

Thin r e l a t i o n  wan determined 
exper imenta l ly  for t h i s  coa l .  

p y r i t i c  s u l f u r .  
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Crusher 

I 

I 
I 

I 

I 

separator 

Heavy 

separator 

Reiect - J  

+ Middling Product 
-10 PCt -90 DCt 

Ground coal feed 

FIGURE 2 .  - Cross Sec t ion  of FIGURE 1. - Dry Process for Removal 
Centr i fugal  Separator of Pyr i t e  from Coal 

FIGURE 3 .  . -  Sketch of 
E l e c t r o s t a t i c  
Separator 
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100 I I I I I 

Coal ,  ball mi l l  
I Pyrite, Hardgrove 

mill - . 
- 

- 

Init ial  size of material, - 
/ 16x30 mesh 

0 ;' I I I I I 

100 

g 90 
W 

," 80 

0 70 Ash, 6.94 pct - c  

n o  

g z  
z'z  
w u 40 

0 
!G 20 

W 
a 

5 ;  60 

50 

[Lo 
z 30 

0 
a 

10 

0 

INITIAL S I Z E  OF FEED, U.S. sieve 

FIGURE 5. - Removal of  P y r i t e  from C l o s e l y  S ized  F r a c t i o n s  
of F i n e l y  Ground Coal by C e n t r i f u g a l  S e p a r a t i o n  
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Size, 16x30 mesh 
T o t a l  sulfur, 4 10 pct 

15 30 45 60 75 90 

BALL MILLING TIME, min 
FIGURE 6. - Float-Sink Behavior of Pittsburgh-Seam Roof 

Coal Following Pulverization by Ball Milling 

A 

I- 
0 
I- .. 
0 

a Pyritic sulfur removed by 
float-sink separation at 1.6 sp gr 

LL 50 - 
Z removed by dry separation 
0 : 25: - 

Reject - F.S. at 

- 

I- 

Reject ~ dry separation 
Q 1.6 sp gr - - 

0 1 I I I 
4 )  

i 

0 

100 I I I -  I 1 
Coal. Before Milling 

Size. 1 6 x 3 0  mesh 
Total sulfur, 4.10 pct 
Pyritic sulfur, 1.93 pet 

BALL MILLING TIME, min 

F I G U R E  7. - Combined Centrifugal-Electrostatic Removal 
of Pyrite from a Pittsburgh-Seam Roof Coal 
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100 I I I 1 I 1 

- :: 75 

Coal. Beiore M i l l i n g  

Size, 16x30 mesh 
Total sulfur, 4.10 pct 
Pyritic sulfur. 1.93 pct 

2 I Pyritic sulfur removed by I 
float-sink separation at 1.6 SP gr 

z Pyritic sulfur removed 
0 L by dry separation 

2 5 F  
0 Reject - dry separation 1 iL c 0 

v Reject - F.S. at 1.6 sp gr 
w ” 
I I I I I 

15 30 45 6 0  75 90 

BALL MILLING TIME, min 
FIGURE 8. - Combined C e n t r i f u g a l - E l e c t r o s t a t i c  Sepa ra t ion  

of P y r i t e  from a Pi t tsburgh-Seam Roof Coa l  
Using S t a g e  Grinding 

I u 
n 
J- 
a 
I- 
O + 
U 
0 
Z 

I- 
(L 

0 

B 

100 

75 

50 

25 

0 

I I I .  I 
Coal- Before M i l l i n g  

Size,  1 6 x 3 0  mesh 

Pyritic sulfur. 1.87 
- Total  sulfur, 2.98 - 

- Pyritic sulfur removed 

Reject 0 

0 . .  
I I I I 

15 30 45 6 0  75 90 
BALL MILLING TIME, min 

FIGURE 9. - Combined C e n t r i f u g a l - E l e c t r o s t a t i c  Removal 
of P y r i t e  from a Pi t tsburgh-Seam S t r i p  Coal 
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REDUCTION OF HYDROUS FERRIC OXIDE TO A MAGNETIC 

FORM WITH SODIUM DITHIONITE; IMPLICATIONS 
FOR COAL MINE DRAINAGE TREATMENT 

R. C. Streeter,’ D. C. McLean, and H. L. Lovell 

College of Earth and Mineral Sciences 
The Pennsylvania State  University 

University Park, Pennsylvania 

INTRODUCTION 

The technique of neutralization with a cheap alkali, usually hydrated 
lime, i s  s t i l l  the principal approach t o  coal mine drainage treatment today. 
As the number of these lime treatment plants has increased in  response t o  
s t r i c t e r  legis la t ive controls, there has been a growing awareness tha t  
sludge dewatering and disposal present a major problem i n  the lime treatment 
process. 

The sludge from a typical  lime treatment plant i s  gelatinous and slow-- 
se t t l ing ;  it rarely a t ta ins  a sol ids  content of more than f ive  percent by 
weight a f t e r  gravity se t t l ing ;  it cannot be dewatered economically with 
conventional mechanical dewatering equipment; depending on water quality 
and f low ra te ,  the sludge can represent a significant percentage of the 
t o t a l  throughput volume; and, the costs for  sludge storage or disposal can 
increase operating expenses appreciably. 
alleviated i f  a method could be found t o  substantially increase the density 
of the  sludge, e i ther  during or  subsequent t o  the actual treatment process. 

Most of these problems could be 

I 

Various approaches t o  the control of  mine drainage sludge properties 
have been reviewed by Lovell. (1) 
subject of a more extensive study (2), has involved the chemical reduction 

form. 

One such approach which has been the 

1 of the major sludge component, hydrous f e r r i c  oxide, t o  a ferromagnetic 

Methods for  the conversion of hydrous iron oxides i n  aqueous suspension 
t o  the magnetic ferrosoferric oxide (magnetite) have been thoroughly docu- 
mented in  the chemical l i t e r a tu re ,  although these processes a re  almost 
en t i re ly  concerned with e i ther  1) par t i a l  oxidation of ferrous hydroxide, 
o r  2 )  mixture of f e r r i c  and ferrous iron solutions i n  the proper stoichio- 
metric amounts followed by the addition of a lka l i  t o  precipi ta te  the magnetic 
oxide. The th i rd  possible route, involving controlled pa r t i a l  reduction of 
hydrous f e r r i c  oxide, has received surprisingly l i t t l e  at tent ion,  possibly 
because the re la t ive ly  strong reducing agents employed have tended t o  result 
i n  problems with reaction control (e.g. over-reduction of iron) as w e l l  as 
air-oxidation or decomposition of the reducing agent i t s e l f ,  leading t o  
undesirable side reactions and reagent handling problems. 

\ 

\ 

Unlike most of the reductants which reportedly yield a magnetic product 
on reaction with hydrous f e r r i c  oxide, sodium di thioni te  (sodium hydrosulfite) 

Present address : Bituminous Coal Research, Inc. 
350 Hochberg Road 
PIonroeville , Pennsylvania ,15146 
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is a commercially available, re la t ively inexpensive, and stable sol id  i n  dry 
a i r  a t  room or s l igh t ly  elevated temperatures. 
was f i r s t  described i n  1951 by Rob1 (3)  and l a t e r  mentioned by Ackermann (4), 
although neither of these authors reported i n  de ta i l  concerning the  reaction 
stoichiometry, the  e f fec ts  of reaction variables such as temperature and pH, 
o r  the nature of the magnetic product. Consequently, the primary objective 
of th i s  investigation was t o  conduct a more systematic study of the hydrous 
f e r r i c  oxide - sodium di thioni te  reaction, and t o  deduce whether t h i s  reaction 
might provide the basis f o r  a feasible coal mine drainage treatment process. 
I n  l i n e  wi th  t h i s  approach, t h e  experiments were conceived t o  provide real is-  
t i c  analogies with coal mine drainage systems. 
s a l t s  of iron were used for t h e  preparation of reagent solutions, and iron 
concentrations were maintained within representative limits. 

Its use i n  t h i s  application 

For example, only sulfate  

A secondary objective o f  t h i s  research was t o  consider the effects of 
dissolved impurities on t h e  reaction, since such effects  are  known t o  be of 
considerable significance. (5-8) Because the process envisioned involved the 
use of lime as an a lka l i ,  at tention was focused largely on the effect  of 
dissolved calcium. 

MPERIMENTAI, 

Most of the reactions were carried out using a 400-m l  beaker containing 
The beaker was f i t t e d  with 200 m l  of reagent grade f e r r i c  sulfate  solution. 

a 1/8-inch thick Lucite cap containing four large holes t o  accomodate elec- 
trodes for  pH and mil l ivol t  measurements. Three smaller holes were dr i l led  
i n  the cap through which a thermometer, nitrogen gas i n l e t  tube, and buret 
(or reagent funnel) were introduced. The apparatus was mounted on a s t i r r ing  
hot plate,which provided temperature control t o  within 2 0 .5"C for  experiments 
a t  elevated temperatures. Measurements of pH and electromotive force (Eh) 
during the  reaction were accomplished using two Heath Model nrW-301 recording 
electrometers. 

r 
A t  the  beginning o f  an experiment, s t i r r i n g  and nitrogen f l o w  were 

commenced, and 1 N sodium hydroxide solution was added dropwise from a buret 
t o  achieve the desired pH (usually 10.0) i n  the  system. 
suspension of hydrous f e r r i c  oxide was then purged continuously with nitrogen 
for  a one-hour period t o  minhize decmposition of the  dithionite by dissolved 
oxygen. The Eh of the suspension was monitored during t h i s  period, and 
usually reached a constant value within the last 30 minutes. Anhydrous 
sodium dithionite (Virginia Chemicals, Inc.; 94.3 percent purity) was then 
added t o  the deoxygenated suspension as a d r y  sol id  puwder through a reagent 
f'unnel. It was found necessary t o  employ the dithionite i n  the sol id  form 
t o  avoid prior decomposition through hydrolysis or  air  oxidation. 

The result ing 

I 

The reaction was allowed t o  proceed f o r  about s i x  minutes, during which 
the pH was maintained a t  the  desired level  by fbrther additions of 1 N sodium 
hydroxide. The suspension was then made up t o  constant volume with deionized 
water and aliquots were taken f o r  iron analyses, sludge centrifugation and 
se t t l ing  tes t s .  Aliquots for  iron analyses were f i l t e red  immediately with 
suction through a 30-ml f r i t t e d  glass f i l ter  crucible, and f i l t e r  cakes were 
dissolved i n  2 m l  of concentrated hydrochloric acid. Ferrous and t o t a l  iron 
were determined by t i t r a t i o n  with 0.01 N potassium dichromate using sodium 
diphenylamine sulfonate as an internal indicator. Centrifugation t e s t s  were 
performed by centrifi@.ng 15 m l  aliquots of the suspension i n  graduated 
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centrifuge tubes at 3,100 r p m  for 5 minutes. 
using 100-ml graduated cylinders. 

Settling tests were conducted 

Magnetic properties of the reaction products were observed qualitatively 
with the aid of a small Alnico V horseshoe magnet. 

In experiments involving the effect of dissolved calcium, weighed 
mounts of reagent grade calcium aide were dissolved in the acidified ferric 
sulfate solution before alkalization with sodium hydroxide and subsequent 
addition of the dithionite. The Eh of the resulting suspension was moni- 
tored for a 1.5-hour period following dithionite addition. 

RESULTS 

The relationship found by these experiments between the mole percentage 
of Fe(II1) reduced and the initial Fe(III):NaaS,04 moles ratio I s  shown in 
Figure 1. The equation of the best straight line through the experimental 
points was found to be 

log x = 2.3315 - 1.1760 log y 
where x = mole percentage of Fe(II1) reduced 

and y = Fe(III):NapS204 molar ratio. 

If the experimental line is extrapolated, it is found that 100 percent 
reduction of Fe(II1) occurs approximately at the point where the 
Fe(III):Na,S,O, molar ratio is equal to 2.0. 
reaction stoichiometry may be expressed more accurately by the relationship 

Therefore, the theoretical 

log x = 2.30103 - log y 
and this line is includedoin Figure 1 for comparison. 

It should be noted that in the presence of excess dithionite, the 
reduction of hydrous ferric oxide continues beyond the point of reduction 
of one-third of the Fe(II1) available (corresponding to the formation of 
magnetite). 
the reaction products. 
Fe(II1)) reaction products were more voluminous, only moderately magnetic, 
and brown in color, indicating the presence of unreacted Fe(0Hh ; at low 
Fe(II1) :Na,S204 molar ratios (excess Na,S,O,), reaction products were gelati- 
nous, weably magnetic, and blue-green in color, suggesting the presence of 
Fe(OH), . Nevertheless, it is significant that ferromagnetic properties of 
the product were observed in varying degrees throughout the range 
Fe(III):Na.$204 = 3 to 10. 

of 6 is *her revealed by a plot of redox potential in the system versus 
the amount of dithionite added. This is sham in Figure 2, which indicates 
a break in the curve near the point corresponding to reduction of one-third 
of the Fe(II1) present. 

This was indicated by the appearance and magnetic properties of 
Thus, at high Fe(III):Na,S20, molar ratios (excess 

The formation of the magnetic phase near an Fe(III):NaaSa04 molar ratio 
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Distinct variations i n  the  se t t l ing  behavior o f  the product solids 

were observed with chan;.es i n  the  Fe(IIIj:Na,S,O, molar ra t io .  
optimum se t t l ing  behavior and m i n i m u m  solids volume, as measured by centri- 
fugation t e s t s ,  appeared t o  occur a t  an Fe(I1I):Na S204 molar r a t i o  near 
6.5, corresponding t o  about 25 mole percent Fe(III7 reduction for  samples 
prepared a t  30°C and pH 10. 
and pIi values are summarized i n  Tables 1 and 2, respectively. A l l  of the 
experiments indicated i n  Table 1 yielded magnetic products. On the  other 
hand, changes i n  reaction pH a t  constant temperature (30°C) produced changes 
i n  the nature of the reaction product, as shown i n  Table 2. 

Curiously, 

The resu l t s  of experiments a t  other temperatures 

TABLE 1. EFFECT OF TEMPERATURE ON THE REDUCTION OF HYDROUS 
FERRTC OXIDE BY SODIUM DITHIONITE AT pH 10' 

Temperature, 
"C 

1C' 
20 
30 
40 

50 
60 
70 
80 

Vole Percent 
(111) Reduced 

22.66 
20.65 
21.65 
21.94 

22 - 53 
2i.n 
21.92 
19-73 . 

C e n t r i m a t e  
Volume, ml 

0.50 
0.45 
0.48 
0.52 

0.60 
0.65' 
0.52 
0.44 

Percent Solids 
Vol. a f t e r  
60 minutes' 

13.7 
12.5 
12.7 
14.1 

17.8 

18.9 
18.9 

9.8 

aFe(III):Na,S,G, molar r a t i o  = 6.5 i n  all runs 

'Gravity-settled solids 

CMechanical d i f f i cu l t i e s  with the centrifuge were encountered; 
t rue  centrifugate volume i s  probably less than 0.65 ml 

The effect of pli on the reaction was also investigated i n  a series of 
t e s t s  a t  8 0 ° C .  
r esu l t s  of these t e s t s  were essentially identical  with those shown in  
Table 2. 
s e t t l i ng  rates were two t o  three times greater than those observed i n  the 
t e s t s  a t  30°C. In  addition, a phenomenon involving a color change of the  
solids from the orange-brm of amorphous Fe(OH), t o  a d i s t inc t  yellow- 
brown was observed t o  occur a t  8 0 ° C  during the one-hour nitrogen purge period 

In  terms of the  mole percentage of Fe(II1) reduced, the 

However, i n  aLl cases centrifugate volumes decreased markedly and 
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pr ior  t o  the  addition of dithionite.  
accompanied by a decrease i n  the gelatinous nature of the sol ids  and the  
formation of more granular particles. 
were a l s o  more granular and showed a greater tendency toward flocculation i n  
a magnetic f i e ld .  
presence of small amounts of crystal l ine cy-FeOOH (synthetic goethite) i n  
several of the reaction products prepaxed at  80°C. 

This color change appeared t o  be 

I n  such cases, the reaction products 

Subsequent x-ray diffract ion analyses revealed the 

TABLE 2. EFFECT OF pH ON THE REIXICTION OF HYDROUS FERFUC 
OXIDE BY SODIUM DITHIONITE AT 30°C' 

Percent Solids Nature o f  
I.iole &rcent r"e (111) Centrifigate Vol. a f t e r  Reaction 

pH Reduced Volume, ml 60 minutesb Product 

8.0 26.08 

9.0 25.27 

10.0 

11.0 

l 2 . O C  

21.65 

19.41 

0.37 

1.50 72.5 dark olive- 
green , 

nonmagnetic 

0.48 

0.66 

1.38 

0.75 21.1 black, 
flocculent, 
moderately 

magnetic 

12.7 black , 
strongly 
magnetic 

18 .o black, 
strongly 
magnetic 

43 .O orange, 
gelatinous, 
nonmagnetic 

a F e ( ~ ~ ~ ) : N + s ~ 0 4  molar r a t i o  = 6.5 i n  

bGravity-settled sol ids  

'pH e1ectrd.e remonse was very sluggish near pH 12 and there  
i s  some qucstion as t o  whether the desired pH was attained. 
Thus, the resul ts  of t h i s  run may be anomalous. 

runs 
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The effect of i n i t i a l  i ron  concentration was investigated br ie f ly  i n  a 

The resul ts  
ser ies  of t e s t s  i n  which the reaction vessel was open t o  the a i r  and no 
attempts were made t o  remqve dissolved oxygen from the system. 
revealed tha t  below an i n i t i a l  Fe(II1) concentration of about 3 x IO-' molar 
(ca. 1,700 m g / l )  there was a gradu~J decrease in  the apparent mole percentage 
of Fe(II1) reduced. 

X-ray diffraction patterns of the  f reshly formed, magnetic reaction 
products corresponded t o  tha t  of magnetite, and results of iron content 
analyses were very close t o  the theoret ical  value of 67.14 percent for  
F%04.1&0. 
transformed t o  a rust-brown material with a corresponding decrease i n  i ron 
content. This rust-brown material, which was s t i l l  strongly ferrcolagnetic, 
was ident i f ied by x-ray diffract ion analyses as y-Fe,O, (also hydrated). 

"he effect of calcium on the  nature o f  the reaction product was investi- 
gated through a ser ies  of experiments i n  which increasing amounts of  Ca" (as 
CaO) were introduced t o  the system before alkalization and reduction of the 
resulting solids by sodium di thioni te .  The Eh of the  system was monitored 
throughout the course of the reaction, and usually reached a constant value 
within 2 10 millivolts about one hour a f t e r  addition of the  dithionite. - 
There were no appreciable changes i n  the Eh, centrifugate volume, or appear- 
ance of the reaction product up t o  a Ca'' concentration of about 1.2 x 1Q' 
molar .  
regularly and the reaction product became bulkier and less strongly magnetic. 
A t  a Cas+ concentration of 2.4 x lra molar, the reaction product was blue- 
green, gelatinous, and nonmagnetic, and appeared t o  consist largely of 
ferrous hydroxide. These resu l t s  are sununarized by Figure 3. Subsequent 
calculations showed that the  point a t  which the observed changes began t o  ' 

occur i n  the system corresponded t o  the point a t  which the (CQ')(S04a-) ion 
concentration product exceeded the solubi l i ty  product of calcium sulfate  
dihydrate (gypsum) in  the system (designated as Ksp i n  Figure 3 ) .  
shown i n  Figure 3 are data from a similar study by Kakabadse et &on the  
effects of @'. (8) 

(with NaOH, W O H ,  or CaO) of actual coal mine drainage samples. 
instance, however, it was found impossible t o  effect a conversion of the 
sludge t o  a magnetic f o r m  by sodium di thioni te  reduction. 
if the i ron was first oxidized (e.g. by %Os!, f ract ional ly  precipitated as 
Fe(OH), below pH 4, and sepsrated from the l iquid phase, conversion of the 
sludge t o  a magnetic form was readily effected and the  results were essen- 
tially the same as those obtained using pure i ron solutions. 
experiments where lime was used as the  alkali, however, it was necessary 
t o  heat the suspension t o  a t  least 80°C t o  effect  the  desired conversion. 

On exposure to air, however, the i n i t i a l  reaction product was 

Above th is  concentration, however, t he  h of the system increased 

Also 

Several experiments were conducted using sludges prepared by alkalization 
In every 

On the  other hand, 

For those 

DISCUSSION 

The experimental data indicate tha t  the  reduction process can be 

N%SaOg + 6 Fe(OH), + 2 NaOH = 2 FsO, + 2 Na.,SO, + 10 Ha0 

represented by the foUawing overal l  reaction: 
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This reaction i s  similar t o  one proposed by Ackermann based on theoret ical  
considerations. (4) It should be emphasized tha t  no attempts were made i n  
th i s  Study t o  isolate  or identify the sulfur-containing by-product(s) of 
the reaction. 
the i r  oxidation can resul t  i n  several species depending on reaction 
conditions. (9) Moreover, side reactions due t o  hydrolysis (10) or thermal 
decomposition (U) are common. 
side reactions i s  believed t o  account i n  pa r t  fo r  the discrepancies encoun- 
tered i n  these studies between t h e  theoret ical  and empirical stoichiometries, 
as reflected by Figure 1. 
resu l t s  involved the oxidation of the reaction product t o  hydrated y-FepO,. 
The available evidence indicated t h a t  t h i s  oxidation was suff ic ient ly  rapid 
during the f i r s t  few minutes following preparation of the magnetic product 
t o  result in  significant negative errors i n  the analytical determinations 
of Fe(I1). 

As mentioned ear l ie r ,  reaction products exhibiting the maximum densities 
and fastest  se t t l ing  rates  were found by experiment t o  have an Fe(III) :Fe(II)  
molar r a t io  of about 3, corresponding t o  25 percent Fe(II1) reduction. Since 
both extraneous losses of di thioni te  and negative errors i n  the Fe(I1) 
determination would have t h e  effect  of increasing the apparent Fe(II1) :Fe(II) 
ra t io ,  it is possible tha t  such reaction products did i n  fact  correspond 
closely t o  t rue hydrated magnetites (Fe(III):Fe(II) = 2.0) a t  the actual 
time of preparation. However, it i s  interest ing that  Hoak and Sindlinger, 
during the i r  developnent of a process for  the recovery of ferrosoferr ic  
oxide from s t ee l  plant waste pickle liquors, observed tha t  optimum se t t l ing  
ra tes  were obtained when the  Fe(III) :Fe(II)  molar r a t i o  of  the product was  
i n  the range of 2.5 t o  3.5 (average 3.0). (12) 

The aqueous chemistry of di thioni tes  i s  quite complex, and ! 

In  fact ,  loss of dithioni te  through such 

I A second factor  w-hich undoubtedly affected the 

Variations i n  reaction temperature throughout the range 10 t o  80°C 
appeared t o  have l i t t l e  effect  on the reaction stoichiometry (Table 1 ) .  
To the contrary, increases i n  the reaction pH throughout the range 8 t o  12 
resulted i n  def ini te  decreases in  the  amounts of Fe(II1) reduced (Table 2). 
This phenomenon i s  believed t o  be associated with the depressed dissociation 
of Fe(OH), with increasing pH, together with the  supposition t h a t  the  
di thioni te  reduction proceeds through a solution mechanism involving the 
f e r r i c  ion. (4) 
employed, optimum properties of the reaction product with respect t o  solids 
volwne, se t t l ing  ra te ,  and magnetic response occurred a t  pH 10. 

It is  apparent that, under the experimental conditions 

The resul ts  of experiments on the effect  of in i t ia l  iron concentration 
indicated tha t  the role of dissolved oxygen i n  the system (i.e., through 
consumption of di thioni te)  became apparent below an Fe (111) concentration 
of about 3 x l(ra molar. A t  an experimental Fe(III):N%S,O, molar r a t i o  
of 6, the sodium dithioni te  concentration corresponding t o  this apparent 
l i m i t  would be about 5 x 1U3 molar, and this value is i n  agreement with 
tha t  reported by Conley et  a L i n  studies on the di thioni te  reduction of 
Fe3+ i n  neutral or acidic media. (13) In  t e r n  of pract ical  application 
of the  reaction, these resul ts  suggest tha t  the i n i t i a l  Fe(II1) concen- 
t r a t ion  should be much greater than tha t  of dissolved oxygen i n  order t o  
prevent the l a t t e r  f r om exerting a significant influence on the  overal l  
reaction stoichiometry. 

There were indications throughout this  investigation t h a t  factors 
affecting crystal  growth are of considerable importance i n  the formation 
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and s t a b i l i t y  of the  magnetic reaction product. 
magnetic, densest, and fastest  se t t l ing  products were prepared under condi- 
t ions which enhance c rys ta l  ordering, such as elevated reaction temperatures 
and the absence o f  impurities. 
apparent a t  o r  above 8O"C, and x-ray data indicated that t h e  improved prop- 
e r t ies  of the reaction product may have been largely due t o  the conversion 
of amorphous Fe(OH), t o  crystal l ine U-FeOOH a t  these elevated temperatures, 
pr ior  t o  the reaction with N%S,O,. 

Thus, the most strongly 

The effect  of temperature was especially 

With regard t o  the effects of impurities i n  the  system, it has been 
w e l l  establ ishedthat  the  presence of foreign species i n  solution or sus- 
pension ordinarily has an adverse effect  on ordering during crystal growth. 
(14, 15) A case i n  point involves the  apparent adverse effects  of copre- 
c ipi ta ted gypsum on the magnetic and other properties of t h e  reaction products 
prepared by dithionite reduction of Fe(OH), . 
been reported that interfering effects  of other species (e.g. aluminum, 
magnesium) on the formation of magnetite i n  aqueous suspension are significant 
only within the pH ranges where these elements exis t  i n  the form of insoluble 
hydroxides or hydrous oxides. (6) 
m o d e  of interference may be similar i n  all cases. 
have implied that the mode of interference may involve cation substitution 
or colat t ice  formation i n  the magnetic phase, the only compelling evidence 
for  t h i s  type of mechanism has been t h a t  given by Kakabadse e t  & f o r  the 
case of magnesium inhibition, and even i n  t h i s  instance the magnesium was 
evidently present i n  t h e  system as magnesium fiydroxide. (8) 

Of further relevance, it has 

Thus, it i s  quite conceivable tha t  the 
Although some workers 

The resul ts  of Kakabadse e t  &.on the effects  of magnesium are shown i n  
Figure 3 for  comparison. 
corresponds t o  the consummated formation of a "magnesia-wustite" (MgO-FeO) 
sublat t ice  within the inverted spinel  l a t t i c e  of magnetite. 
was a l w w  found t o  occur at a @' :F2* molar r a t i o  of 1.0. 
I@+ :F8+ ra t ios ,  ferrous iron was presumably replaced by @+ with con- 
current loss of magnetic properties of the precipitate,  u n t i l  complete 
substi tution occurred (indicated by the  second redox potential  maximum). 
The overall  process was marked by significant increases i n  the  volume of 
centrifugate solids, as shown by Ngure 3. 

The f i r s t  maximum i n  the redox potential  curve 

This maximum 
A t  higher 

Despite certain diss imilar i t ies  i n  the procedures employed by these 
workers compared with those of t h e  present study, t h e  resu l t s  shown by 
Figure 3 on the  effect  of calcium reveal that  there were no sudden changes 
or  significant reversals i n  the h of the  system which could be correlated 
with some integer Ca2' :F$+ molar ra t io .  
the present study t o  indicate t h a t  the mechanism of calcium interference 
involves substi tution by Caag f o r  F$+ i n  the magnetite crystal la t t ice .  

Thus, there is  no evidence f'rom 

I n  v i e w  of the findings during t h i s  investigation, it s e a  apparent 
tha t  a conceptual coal mine drainage treatment process involving the sodium 
di thioni te  reduction of hydrous f e r r i c  oxide would require some rather 
significant departures fYom the sinrple mixing-aeration-settling operations 
cannon i n  current practice.  This is exemplified by the flowsheet sham as 
Figure 4. 
following major steps: 

The conceptual process indicated by Figure 4 includes the 

1. Oxidation and f rac t iona l  precipitation of iron a t  pH 5 4. This 
approach i s  necessary t o  minimize the residual dissolved i ron  concentration 
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as  w e l l  as t o  prevent interferences due t o  coprecipitated aluminum hydroxide. 
( 6 ,  16) 
impractically slow under thepe conditions, the use of catalysts  or strong 
chemical oxidants such as hydrogen peroxide or ozone would appear t o  be 
necessary. 

2. Sludge concentration and separation. Thickening of the precipi- 
ta ted hydrw f e r r i c  oxide and i ts  separation A.om the  bulk of the  process 
f low would be necessary t o  reduce tha t  volume of material requiring 
subsequent thermal and chemical treatment, as well as t o  reduce interference 
by dissolved oxygen. 

of the sludge suspension t o  at l ea s t  800~. 
properties of the reaction product are obtained under these conditions. 
addition, the heating s tep presupposes the use of lime as an alkali i n  the 
process, and is  dictated by the need t o  overcome possible interference due 
t o  coprecipitated gypsum. 

Since the r a t e  of ferrous iron oxidation with gaseous oxygen is  

3 .  Alkalization of the concentrated sludge t o  near pH 10 and heating 

In 
The data show tha t  opthum 

4. Addition of sol id  sodium dithioni te  t o  the heated, alkaline sus- 
pension. In actual practice, an amount of Na$,O, i n  s l igh t  excess of tha t  
required by the stoichiometric r a t i o  Fe(II1):N S,O, = 6.0 would probably 
be necessaxy t o  compensate for  losses due t o  h&olysis, a i r  oxidation, 
or thermal decomposition during reaction with the heated sludge. 

5. Magnetic sludge recovery. This could conceivably involve thick- 
ening and/or magnetic separation techniques, using wet drum separators of 
the type employed i n  heavy media recovery operations. 

The potential advantages of the process outlined above would be the 
elimination of aeration f a c i l i t i e s ,  holding lagoons, and sludge se t t l i ng  
basins, as well as the possibi l i ty  of higher treatment capacities and the 
recovery of saleable products. 

On the other hand, economic considerations reveal tha t  reagent costs 
would probably be excessive. For example, treatment of a coal mine water 
containing 800 mg/l of iron by the di thioni te  reduction process would involve 
a cost for  sodium di thioni te  alone of nearly $1.00 per 1,OOO gallons of  
water treated. 
was treated by conventional lime neutralization a t  a total (capi ta l  and 
operating) cost varying between $1.09 and $1.28 per 1,000 gallons. (17) 

In  s m a r y ,  it is doubtful whether the  di thioni te  reduction process 
would be economically feasible by present-day standards, since the rela-  
t ive ly  complex flowsheet (Figure 4) indicates the likelihood of a l a r g e r  
capi ta l  investment and increased operating costs for  chemical reagents and 
sludge heating. Further developmental work should be undertaken, however, 
before a f i n a l  judgement i s  made. 

I n  p i lo t  plant t e s t s ,  a coal mine water of similar composition 
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6 i i 9  
Fe(lll) : Na2S204 MOLAR RATIO 

Figure 1. M o l e  Percent Iron (111) Reduced as a Function of Fe(lll):Na2S204 

Molar Ratio at pH 10 a n d  3 0 ° C  
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ABSTRACT 

S t r i p  mine s c a r s ,  c o a l  r e f u s e  p i l e s  and f l y  ash  dumps a r e  s o l i d  
w a s t e s  r e s u l t i n g  from t h e  mining and combustion of  c o a l .  
unreclaimed a r e a  r e s u l t i n g  from these w a s t e s  is over  2 m i l l i o n  a c r e s .  
D i s p o s i t i o n  of t h e s e  was tes  is  obvious ly  a monumental problem. Large- 
s c a l e  f i e l d  experiments  i n  the rec lamat ion  of  a c i d  surface-mined c o a l  
l a n d s  and r e f u s e  p i l e s  with raw f l y  a s h  from bi tuminous-coa l - f i red  
powerplants  were conducted a t  s e v e r a l  s i tes  i n  Northern West V i r g i n i a .  
P l o t s  were t r e a t e d  w i t h  v a r y i n g  tonnages o f  f l y  ash  from a r e a  powerplan ts  
and were p lan ted  w i t h  a v a r i e t y  of g r a s s e s ,  legumes, trees and shrubs .  
G r e a t e s t  p o t e n t i a l  f o r  growth and s u r v i v a l  under  harsh  s o i l  c o n d i t i o n s  
was shown by Kentucky 31 f e s c u e ,  rye and red  t o p  g r a s s e s  and by b i r d s f o o t  
t r e f o i l ,  a legume. A p p l i c a t i o n  of f l y  a s h  to t h e  a c i d  m a t e r i a l s  i n c r e a s e d  
t h e  pH t o  a range t o l e r a b l e  t o  p l a n t  growth, improved t h e  t e x t u r e  of t h e  
soil, increased  t h e  water -hold ing  c a p a c i t y  o f  t h e  r e s u l t i n g  m i s t u r e ,  and 
added t r a c e  n u t r i e n t s  t o  t h e  s o i l .  

The t o t a l  

I INTRODUCTION 

S o l i d  was tes  from t h e  mining and combustion of c o a l  a r e  s e r i o u s  

Es tab l i shment  o f  v e g e t a t i v e  cover  
environmental  problems of v i t a l  concern t o  t h e  producers  and u s e r s  of 
c o a l  a s  w e l l  a s  t h e  g e n e r a l  publ ic .  
on each of t h e s e  a r e a s  through rec lamat ion  procedures  i s  e s s e n t i a l  t o  
m a i n t a i n  e f f e c t i v e  c o n t r o l  o v e r  e r o s i o n  and stream p o l l u t i o n .  

> 

Vegeta t ion  of  a r e a s  where adverse  c o n d i t i o n s  ( s t e e p  slopes, h i g h l y  
a c i d  s o i l  m a t e r i a l ,  e t c . )  p r e v a i l  i s  not  always p o s s i b l e .  I n  such c a s e s ,  
it may b e  necessary  t o  modify t h e  s i tes  w i t h  a s o i l  amendment such  a s  
l i m e ,  mulch, a d d i t i o n a l  n u t r i e n t s  i n  t h e  form o f  f e r t i l i z e r  and even 
was te  m a t e r i a l s  such a s  composted garbage,  processed  sewage, and b a r k  
may be employed. I f  f l y  ash  can be used a s  a s o i l  amendment on a c i d  
s p o i l  and r e f u s e ,  it might be p o s s i b l e  t o  achieve  a good b a l a n c e  of  
p h y s i c a l ,  chemical  and b i o l o g i c a l  f a c t o r s  e s s e n t i a l  t o  the s u c c e s s  of 
the rec lamat ion  e f f o r t .  
q u a n t i t i e s  of f l y  ash  i n  a manner t h a t  i s  u s e f u l  t o  t h e  environment  i n  
c o a l  mining a r e a s .  

An a d d i t i o n a l  b e n e f i t  i s  the d i s p o s a l  of l a r g e  
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Researchers  a t  t h e  Bureau 's  Morgantown (W. Va.) Energy Research 
Center  a r e  i n v e s t i g a t i n g  t h e  t e c h n i c a l  f e a s i b i l i t y  of  u t i l i z i n g  power- 
p l a n t  f l y  ash  t o  r e c l a i m  c o a l  mine r e f u s e  and s u r f a c e  mine s p o i l s .  L, 

SCOPE OF FLY ASH DISPOSAL PROBLEM 

Within 10 t o  15 y e a r s ,  c o a l - f i r e d  power g e n e r a t i n g  s t a t i o n s  w i l l  
be producing about  40 m i l l i o n  t o n s  of ash  annual ly  i n  t h e  United S t a t e s ,  
and t h i s  could  double  i f  l i m e  o r  l imes tone  i n j e c t i o n  becomes wide ly  used 
t o  c o n t r o l  s u l f u r  oxide emiss ions .  Most of t h i s  a s h  w i l l  be e n t r a i n e d  i n  
t h e  s t a c k  gases  and ,trapped a s  f l y  ash.  
of t h e  f l y  ash  have been developed,  mainly i n  t h e  c o n s t r u c t i o n  i n d u s t r y ,  
t h e  b u l k  of it i s  t r a n s p o r t e d  e i t h e r  i n  s l u r r y  o r  d r y  form t o  d i s p o s a l  
a r e a s  a t  c o n s i d e r a b l e  cost t o  t h e  power companies and t h e r e f o r e  t o  t h e  
publ ic .  The accompanying economic l o s s  i n  terms of  unused raw m a t e r i a l s  
and d i s p l a c e d  land is  n o t  a s  obvious b u t  i s  j u s t  a s  s i g n i f i c a n t .  

Although u s e s  f o r  about  10 p e r c e n t  

SCOPE OF SURFACE M I N E  RECLAMATION PROBLEM 

Another envi ronmenta l  problem of c o n s i d e r a b l e  magnitude i n  t h e  United 
S t a t e s  and one t h a t  is  c l o s e l y  r e l a t e d  to  t h e  s u r f a c e  mining o f  c o a l  is  t h e  
rec lamat ion  of  t h e  d i s t u r b e d  s p o i l  m a t e r i a l s  t h a t  remain a f t e r  t h e  m i n e r a l  
i s  recovered.  
S t a t e s  has  land d i s t u r b e d  by s t r i p  mining of one k ind  o r  a n o t h e r .  

According t o  D. M. Whit&, t a b l e  1, every  s t a t e  i n  t h e  United 

The t o t a l  a r e a  r e q u i r i n g  rec lamat ion  (over  2 m i l l i o n  a c r e s )  i s  almost  
a s  l a r g e  a s  Yellowstone Nat iona l  Park. 
c o o p e r a t i n g  F e d e r a l  a g e n c i e s  t h a t  r e v e a l s  t h e  f o l l o w i n g  f a c t s :  

mitt reviews a s t u d y 3 b y  s e v e r a l  

1. About 91 p e r c e n t  of  t h e  a f f e c t e d  acreage  is  i n  p r i v a t e  owner- 
s h i p ,  and n e a r l y  h a l f  of t h a t  i s  i n  s m a l l  s c a t t e r e d  ownerships .  

More than  80 p e r c e n t  of t h e  mined land surveyed was a m i l e  o r  
more from t o m s  of 200 o r  more people .  
t h e  mined land  was more t h a n  5 miles from towns o f  t h i s  s i z e .  
I n  o t h e r  words, most d i s t u r b e d  land i s  i n  r u r a l  a r e a s .  

2. 
About 40 p e r c e n t  of  

LAdams,  L. M. ,  J .  P. Capp and E .  E i s e n t r o u t .  Reclamation o f  A c i d i c  
Coal-Mine S p o i l  w i t h  F l y  Ash, BuMines Rept. of Inv .  7504, A p r i l  1971, 
29 PP. 

?,Whitt, D. M. Surface-mined land. S o i l  Conserva t ion ,  v. 33,  No. 6 ,  
January 1968, pp. 123-125. 

a u d a l l ,  S tewar t  L. Study of s t r i p  and s u r f a c e  mining i n  Appalachia .  
An i n t e r i m  r e p o r t  o f  t h e  S e c r e t a r y  of t h e  I n t e r i o r  t o  t h e  Appalachian 
Regional  Commission, June 30, 1966, 78 pp. 
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3.  About o n e - t h i r d  of t h e  land d i s t u r b e d  by s u r f a c e  mining 
has  been r e h a b i l i t a t e d .  Some of t h i s  was r e s t o r e d  by 
n a t u r a l  s e e d i n g s ,  b u t  more than  h a l f  was t r e a t e d  through 
t h e  e f f o r t s  o f  p r i v a t e  owners. 

4 .  Restored surface-mined land can serve s e v e r a l  u s e f u l  purposes .  
A survey  i n  1966 by t h e  S o i l  Conserva t ion  S e r v i c e  i n  14 s t a t e s  
showed t h a t  t h e  g r e a t e s t  p o t e n t i a l  u s e s  were woodland product ion  
and w i l d l i f e  h a b i t a t .  

The s t u d y  recommended t h a t  t h e  a p p r o p r i a t e  Federa l  a g e n c i e s  
demonstrate  l e a d e r s h i p  w i t h  t e c h n i c a l  and f i n a n c i a l  a i d  working through 
l o c a l  c o n s e r v a t i o n  d i s t r i c t s  and t h a t  " r e s e a r c h  s t u d i e s ,  and f i e l d  
demonst ra t ions  be expanded." 

More t h a n  50 m i n e r a l s  a r e  produced by s u r f a c e  mining i n  t h e  United 
S t a t e s .  
c m o d i t i e s ,  a s  shown i n  f i g u r e  1. 

About 95 p e r c e n t  of  t h e  acreage  d i s t u r b e d  by 1965 was f o r  seven 

SCOPE OF THE COAL REFUSE PROBLEM 

For many y e a r s ,  b u r n i n g  c o a l  r e f u s e  banks have b l i g h t e d  c o a l -  
producing a r e a s  of t h i s  c o u n t r y ,  pos ing  a h e a l t h  hazard t o  l o c a l  p o p u l a t i o n s ,  
producing l o c a l  d e f o l i a t i o n  of  v e g e t a t i o n  and c a u s i n g  o t h e r  losses i n  . 
p r o p e r t y  damage. F u r t h e r ,  t h e r e  a r e  hundreds of  non-burning r e f u s e  p i l e s  
which a r e  p o t e n t i a l l y  dangerous;  moreover, a d d i t i o n a l  annual  accumulat ion 
o f  c o a l  r e f u s e  amounts t o  approximately 70 m i l l i o n  tons .  

Recent ly  much a t t e n t i o n  has  been focused on t h i s  s i t u a t i o n .  Renewed 
e f f o r t s  have been made by t h e  c o a l  i n d u s t r y ,  by s t a t e  c o n t r o l l i n g  agencies  
and by r e s e a r c h  o r g a n i z a t i o n s  t o  prevent  t h e  spontaneous h e a t i n g ,  i g n i t i o n  
and burn ing  of r e f u s e  banks,  and even f i n d  u s e s  f o r  t h e  hugh q u a n t i t i e s  of 
r e f u s e  m a t e r i a l .  

C u r r e n t l y ,  a c t i v e  dumps a r e  leveled, covered w i t h  s o i l ,  and p l a n t e d  
w i t h  g r a s s  a n d / o r  trees w i t h  v a r y i n g  degrees  of success .  

EXPERIMENTAL PROCEDURE 

The s u r f a c e  mine rec lamat ion  f i e l d  experiments  were s t a r t e d  by t h e  
Morgantown Energy Research Center  i n  1965 and have cont inued through 1971 
on so-ca l led  orphaned s t r i p  mines t h a t  f a l l  i n t o  the c a t e g o r y  of a r e a s  
t h a t  r e q u i r e  c o n s i d e r a b l e  t r e a t m e n t  i n  o r d e r  t o  suppor t  v e g e t a t i o n .  
Table 2 summarizes t h e  Bureau ' s  program and shows t r e a t m e n t  a t  t h e  v a r i o u s  
s i t e s .  
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The c o a l  r e f u s e  bank o r  "gob p i l e "  rec lamat ion  e f f o r t  was done on 
a l e v e l e d  r e f u s e  dump t h a t  was owned by a l a r g e  c o a l  company. Both t y p e s  
of  m a t e r i a l  ( i .e . ,  s p o i l  and gob) were a c i d i c  due t o  t h e  presence  of 
p y r i t i c  minera ls  a s s o c i a t e d  w i t h  t h e  c o a l  and t h e  overburden w i t h  s o i l  
pH v a l u e s  most ly  i n  t h e  range of  2 .5  t o  3.5. 

A l l  t h e  sites were d r o u g h t y 5 a n d  g e n e r a l l y  devoid of p l a n t  cover  
and n u t r i e n t s .  Routine s o i l  t e x t u r a l  c l a s s i f i c a t i o n s  i n d i c a t e d  t h a t  t h e  
m a t e r i a l s  were loams, sandy loams o r  c l a y  loams. However, the s u r f a c e s  
of t h e s e  a r e a s  were covered w i t h  s c a t t e r e d  p i e c e s  or r o c k ,  s h a l e  or c o a l ,  
ranging  i n  s i z e  from pebbles  t o  b o u l d e r s .  A chemical  a n a l y s i s  of  t h e  
s p o i l  m a t e r i a l s  i s  given i n  t a b l e  3. 

Although t h e  f l y  ash  f o r  t h e s e  exper iments  was o b t a i n e d  from 
s e v e r a l  l o c a l  powerplan ts ,  t h e  l a r g e s t  tonnage used came from the F o r t  
Mar t in  power s t a t i o n  because of t h e  easy  a v a i l a b i l i t y ,  t h e  l a r g e  d a i l y  
product ion ,  and c o n s i s t e n t  q u a l i t y .  A t y p i c a l  a n a l y s i s  of t h i s  ash  i s  
g iven  i n  t a b l e  4. This  f l y  a s h  has  a pH of 12 and an a l k a l i n e  s o i l  
r e a c t i o n  when mixed w i t h  a c i d  so i l s .  Since l imes tone  normally is used 
t o  n e u t r a l i z e  a c i d  s o i l s ,  a comparison of t h e  l imes tone  requirement  f o r  
a p a r t i c u l a r  s t r i p  s p o i l  and t h e  f l y  ash  t o  g ive  t h e  same e f f e c t  shows 
t h a t  approximately 10 t i m e s  more f l y  a s h  may be r e q u i r e d .  

The a p p l i c a t i o n  r a t e  of  f l y  a s h  a c t u a l l y  used i n  the  f i e l d  was 
determined i n  the l a b o r a t o r y  by measuring t h e  pH of e q u i l i b r a t e d  s o i l -  
w a t e r  mixtures  on a 1:l by weight  b a s i s .  The r a t i o  of  f l y  a s h  t o  s p o i l  
was a d j u s t e d  e m p i r i c a l l y  t o  o b t a i n  a n e a r  n e u t r a l  c o n d i t i o n .  The r a t i o  
was t h e n  used t o  c a l c u l a t e  t h e  f l y  ash  a p p l i c a t i o n  r a t e  based on a 6- inch  
plow l a y e r  depth  o f  s o i l  m a t e r i a l .  These a p p l i c a t i o n s  v a r i e d  between 150 
and 800 tons p e r  a c r e  depending upon t h e  f l y  ash  used ,  t h e  t y p e  of s p o i l  
and i t s  b u f f e r i n g  c a p a c i t y ,  and t h e  depth  of mixing a n t i c i p a t e d .  

The type of machinery used f o r  s p r e a d i n g  and mixing f l y  ash  w i t h  
t h e  s p o i l  o r  r e f u s e  depended p r i m a r i l y  upon t h e  r e l a t i v e  roughness  of  
t h e  s u r f a c e .  Convent ional  farm equipment was used a t  some s i tes  w h i l e  
l a r g e  earthmoving machines were r e q u i r e d  a t  o t h e r s .  A f t e r  t h e  a r e a  was 
prepared ,  f e r t i l i z e r  and seed were a p p l i e d  a t  t h e  d e s i r e d  r a t e s .  

One t y p i c a l  seed mixture  was used,  a s  shown i n  t a b l e  5 ,  a t  t h e  
r a t e  of 43-47 l b s / a c r e .  Kentucky 3 1  f e s c u e  was almost  always inc luded  
i n  t h e  mixture  because of t h e  h i g h  degree  of s u c c e s s  exper ienced  w i t h  
t h i s  g r a s s .  

4, Gravimetr ic  mois ture  d e t e r m i n a t i o n s  of s p o i l  and r e f u s e  i n d i c a t e d  t i -a t  
mois ture  c o n t e n t  was g e n e r a l l y  a t  o r  near  w i l t  p o i n t .  See d i s c u s s i o n  
of Chemical and P h y s i c a l  B e n e f i t s  of f l y  a s h ,  l a s t  paragraph.  
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F e r t i l i z e r  ( g r a n u l a r ,  10-10-10-analysis)  was app l i ed  a t  1,000 l b s  
per a c r e  i n  most cases  b u t  h i g h e r  r a t e s  were o c c a s i o n a l l y  employed f o r  
s p e c i a l  purposes.  

The Morgantown Energy Research Center  p r e s e n t l y  has two la rge-  
s c a l e  demonst ra t ion  s i t e s  under t r ea tmen t .  One is  a s u r f a c e  mine s p o i l  
a r ea  ( S t r i p  S i t e  No. 4 )  c o n s i s t i n g  of about 65 a c r e s ,  h a l f  of which h a s  
been t r e a t e d  w i t h  f l y  ash .  Approximately 12 a c r e s  have a v e g e t a t i v e  
cover  c o n s i s t i n g  most ly  of Kentucky 31 f e scue  and rye  g r a s s .  Seve ra l  
v a r i e t i e s  of t r e e s ,  sh rubs ,  v a r i o u s  g r a s s e s  and legumes have a l s o  been 
p l an ted  expe r imen ta l ly  on sma l l  p l o t s  f o r  s u r v i v a l  and growth s t u d i e s .  

The o the r  s i t e  i s  a one-acre  a r e a  (Coal Mine Refuse S i t e  No. 1) 
t h a t  was l a i d  o u t  i n  t h e  middle of a l e v e l  c o a l  r e f u s e  dump. A s u c c e s s f u l  
g r a s s  cover  has been e s t a b l i s h e d  t h a t  c o n s i s t s  of t h e  f i r s t  f o u r  g r a s s e s  
shown i n  t h e  mix tu re  i n  t a b l e  5. 

Most of t h e  d a t a  d i scussed  i n  t h e  next  s e c t i o n  was ob ta ined  a t  
s t r i p  s i t e s  1, 2 and 3 ,  and r e p r e s e n t s  accumulated expe r i ence  s i n c e  t h e  
s t a r t  of t h e  work i n  1965. The c o l l e c t i o n  and a n a l y s i s  of d a t a  a t  t hese  
s i t e s  i s  con t inu ing  and i t  i s  expec ted  t h a t  s i m i l a r  in format ion  w i l l  be 
for thcoming from t h e  two l a r g e - s c a l e  demonst ra t ion  s i t e s  p r e s e n t l y  be ing  
rec la imed wi th  f l y  ash .  

RESULTS AND DISCUSSION 

Dry Mat t e r  Y ie lds  

Dry m a t t e r  (hay)  y i e l d s  a r e  i n d i c a t i v e  of t h e  b e n e f i c i a l  e f f e c t s  
of f l y  ash  t r ea tmen t .  A t  s i t e  No. 1 an average y i e l d  of 1.09 t o n s / a c r e  
was ob ta ined  from t h e  f l y  a s h - t r e a t e d  a r e a s ;  a l imes tone - t r ea t ed  c o n t r o l  
p l o t  a t  t h e  same s i t e  produced on ly  0.54 t on /ac re .  A t  s i t e  No. 2 t h e  
y i e l d s  ranged from 1 .6  t o  2 . 3  t ons  p e r  a c r e ,  a s  shown i n  t a b l e  6 .  S i m i l a r  
y i e l d s  were obta ined  a t  s i t e  No. 3 .  

During t h e  t h i r d  y e a r  a t  s i t e  No. 2 ,  f e r t i l i z e r  (N ,  P and K) r a t e s  
were inc reased .  S ince  n i t r o g e n  i s  the  most e a s i l y  l o s t  by l each ing ,  i t  
was app l i ed  i n  e q u a l  p o r t i o n s  of 70 pounds p e r  a c r e  a s  urea  i n  the  spr ing  
and a f t e r  t h e  f i r s t  two c u t t i n g s .  
90 pounds p e r  a c r e  o f  P ( a s  P,O,) and 180 pounds o f  K ( a s  %O) from 0-15-30 
a n a l y s i s  g ranu la t ed  f e r t i l i z e r .  Th i s  t r ea tmen t  i nc reased  y i e l d s  and 
pe rmi t t ed  t h r e e  c u t t i n g s  i n s t e a d  o f  t h e  u s u a l  one o r  two per  yea r .  Average 
d r y  m a t t e r  y i e l d s  from a l l  t h e  p l o t s  f o r  each  c u t t i n g  a r e  given In t a b l e  6 .  
The o v e r a l l  average y i e l d s  f o r  t h e  t h r e e  c u t t i n g s  a r e  4 4 ,  34 and 22 percent  
of t he  season  t o t a l ,  which i s  comparable wi th  those  ob ta ined  a t  t h e  West 
V i r g i n i a  Un ive r s i ty  Agronomy Farm, Reedsv i l l e ,  W. V a . ,  i n  h i g h - f e r t i l i z a t i o n -  
r a t e  exper iments .  Fur thermore ,  t h e  t o t a l  average  y i e l d  of about 4 t ons  per 
a c r e  f o r  t h e  t h i r d  y e a r  a t  s i t e  2 was t y p i c a l  of t he  y i e l d s  obta ined  du r ing  
West V i r g i n i a  U n i v e r s i t y ' s  p a s t u r e  exper iments  w i th  t h e s e  same p e r e n n i a l  
t a l l  g r a s s e s .  

Sp r ing  a p p l i c a t i o n s  of P and K were 
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Chemical and P h y s i c a l  B e n e f i t s  from Fly  Ash 

P e r i o d i c  pH de t e rmina t ions  were made f o r  t h r e e  consecu t ive  y e a r s  
a t  two of t he  expe r imen ta l  s i t e s  and p l o t t e d  t o  show long-range changes ,  
f i g u r e  2. The un t r ea t ed  c o n t r o l s  i n  both c a s e s  show a s l i g h t  i n c r e a s e ,  
bu t  it would r e q u i r e  many yea r s  be fo re  c o n d i t i o n s  would become f a v o r a b l e  
f o r  p l an t  s u r v i v a l .  F ly  a s h - t r e a t e d  p l o t s  on t h e  o t h e r  hand show s l i g h t  
dec reases  i n d i c a t i n g  t h e  need f o r  a d d i t i o n a l y  f l y  a sh  a p p l i c a t i o n  o r  t h e  
a p p l i c a t i o n  o f  smal l  q u a n t i t i e s  of lime p e r i o d i c a l l y  t o  ma in ta in  accep tab le  
s o i l  pH l e v e l s  f o r  long-range use .  

1 

\ 

\ 

\ 

Mixing l a r g e  q u a n t i t i e s  of f l y  ash  w i t h  s p o i l  a l s o  produced phys ica l  
changes t h a t  enhanced p l a n t  s u r v i v a l  and growth. 
mix tu res  was decreased  by t h e  l a r g e  a d d i t i o n s  of t h e  l i gh t -we igh t  amendment. 
Decreased bu lk  d e n s i t y  v a l u e s  r e s u l t e d  i n  g r e a t e r  pore  volume, g r e a t e r  
mois ture  a v a i l a b i l i t y ,  and h i g h e r  a i r  c a p a c i t y ,  and hence b e t t e r  c o n d i t i o n s  
f o r  roo t  p e n e t r a t i o n  and growth. 

Bulk d e n s i t y  of t h e  

S o i l s  c o n s i s t  of sand ,  c l a y  and s i l t - s i z e d  mine ra l  f r a c t i o n s  and 
t h e  r e l a t i v e  p r o p o r t i o n  of t h e s e  v a r i o u s  f r a c t i o n s  d e f i n e s  a s p e c i f i c  s o i l  
t e x t u r e  c l a s s i f i c a t i o n .  For  example, t h e  plow l a y e r  (6 inches  deep and 
weighing 1,000 t o n s  p e r  a c r e )  o f  a t y p i c a l  c l a y  loam h a s  t h e  f o l l o w i n g  
a n a l y s i s  p e r  a c r e :  Clay ,  350 tons ;  sand ,  350 tons ;  and s i l t ,  300 tons .  
A t y p i c a l  s i l t  loam has  t h e  fo l lowing  p e r  a c r e  a n a l y s i s :  Clay ,  150 t o n s ;  
sand ,  200 t o n s ;  s i l t ,  650 tons .  (Obviously c o n s i d e r a b l e  changes i n  t h e s e  
amounts would be r equ i r ed  t o  change from one c l a s s i f i c a t i o n  t o  ano the r . )  

Although s o i l  s c i e n t i s t s  cons ide r  a l t e r a t i o n  of t e x t u r e  v i r t u a l l y  
imposs ib le  under o r d i n a r y  c i r cums tances ,  t h i s  s tudy  showed t h a t  adding  
f l y  ash t o  s u r f a c e  mine s p o i l  changed t h e  t e x t u r a l  c l a s s i f i c a t i o n .  (See 
f i g u r e  3.) 

Spo i l  t e x t u r e  i n f l u e n c e s  t h e  amount of moi s tu re  a v a i l a b l e  f o r  
p l a n t  growth. In  g e n e r a l ,  s p o i l  composed l a r g e l y  of sand h a s  good a e r a t i o n  
bu t  i s  a p t  t o  be droughty .  Clay  banks compact e a s i l y  and crust ove r  du r ing  
dry  pe r iods .  Loams and s i l t y  s h a l e s  u s u a l l y  have enough f i n e  m a t e r i a l  t o  
ho ld  mois ture .  

F igure  4 ,  which compares t h e  w i l t  p o i n t  and f i e l d  c a p a c i t y  o f  
d i f f e r e n t  t ex tu red  so i l s ,  f u r t h e r  i l l u s t r a t e s  t h i s  p o i n t .  The c a p a c i t y  
of t he  s o i l  t o  hold  wa te r  i s  r e l a t e d  t o  s u r f a c e  a r e a ,  pore-space  volume, 
and c o n t i n u i t y  of t h e  pore  space .  Water-holding c a p a c i t y  is t h e r e f o r e  
r e l a t e d  t o  s t r u c t u r e  a s  w e l l  a s  t o  t e x t u r e .  It can  b e  seen  i n  f i g u r e  4 
t h a t  f i n e - t e x t u r e d  soi ls  have t h e  maximum t o t a l  wa te r  ho ld ing  c a p a c i t y ,  
bu t  t h a t  maximum a v a i l a b l e  wa te r  is he ld  i n  medium-textured s o i l s .  Research 
has shown t h a t  a v a i l a b l e  wa te r  i n  many s o i l s  i s  c l o s e l y  c o r r e l a t e d  wi th  t h e  
con ten t  of s i l t  and very  f i n e  sand. 
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F l y  ash ,  which i s  mos t ly  i n  the  s i l t  s i z e  range ,  was app l i ed  a t  
r a t e s  o f  150 t o  800 tons  p e r  a c r e .  Th i s  proved t o  be a s u f f i c i e n t  q u a n t i t y  
of a sh  ( p a r t i c u l a r l y  a t  t h e  h i g h e r  r a t e s )  t o  produce a t e x t u r a l  chan e by 
s h i f t i n g  the a n a l y s i s  toward t h e  s i l t  s i d e  of t h e  t e x t u r a l  t r i ang le . -  P 

Fur the r  ev idence  o f  t h e  b e n e f i c i a l  e f f e c t  t h a t  t h e  use  of f l y  a sh  
has  on t h e  water  c a p a c i t y  of t h e  s p o i l  and t h e  a v a i l a b i l i t y  of t h i s  mois ture  
is  i n d i c a t e d  by f i g u r e  5. This f i g u r e  g i v e s  q u a n t i t a t i v e  moi s tu re  v a l u e s  
f o r  t h e  undis turbed  c o n t r o l  p l o t  and a p l o t  t r e a t e d  wi th  800 t o n s / a c r e  o f  
f l y  ash  a t  s t r i p  s i t e  No. 2. 
t h e s e  p l o t s ,  i n d i c a t e d  i n  the  f i g u r e  by dashed l i n e s ,  s h o w  how t h e  a v a i l a b l e  
w a t e r  range  co r re spands  t o  t h e  a c t u a l  mo i s tu re  con ten t  under f i e l d  con- 
d i t i o n s .  Heavy s p r i n g  r a i n s  b u i l t  up a s i g n i f i c a n t  r e s e r v o i r  of mois ture  
i n  t h e  f l y  a sh - t r ea t ed  p l o t  and cont inued  t o  be a v a i l a b l e  even d u r i n g  t h e  
summer d r y  pe r iod ,  as t h e  b a r  graph  i n d i c a t e s .  On t h e  o t h e r  hand, t h e  
c o n t r o l  p l o t  r e t a i n e d  l i t t l e  mo i s tu re  from t h e  s p r i n g  r a i n s  and d u r i n g  t h e  
d r y  pe r iod  mois ture  was n o t  i n  t h e  a v a i l a b l e  range f o r  p l a n t s  f o r  s e v e r a l  
weeks. Since the  a c t u a l  m o i s t u r e  con ten t  of t h e  c o n t r o l  s p o i l  remains a t  
o r  nea r  t h e  w i l t  p o i n t  v a l u e ,  most of t h e  w a t e r  t h a t  f e l l  on t h i s  a r e a - a s  
r a i n  probably r an  ot'f and was not  absorbed. 

F i e l d  c a p a c i t y  and w i l t  po in t  v a l u e s  f o r  

SUMMARY 

These exper iments  demonst ra te  t h e  f e a s i b i l i t y  of d i s p o s i n g  of l a r g e  
q u a n t i t i e s  o f  power p l a n t  f l y  ash on a c i d  s u r f a c e  mine s p o i l  and c o a l  
r e f u s e  dumps. The b e n e f i t s  t h a t  r e s u l t  a r e :  

1) A c i d  m a t e r i a l s  a r e  p a r t i a l l y  n e u t r a l i z e d  and so i l  c o n d i t i o n s  
improved to a t o l e r a n t  l e v e l  f o r  some g r a s s e s  and legumes. 

2)  The g r a s s e s  and legumes e s t a b l i s h  an immediate cover  t h a t  
resists e r o s i o n  and hence reduces  s t r eam p o l l u t i o n  p o t e n t i a l .  

Soil t e x t u r e  changes  i n c r e a s e  mois ture  ho ld ing  c a p a c i t y ,  
i nc rease  pore space  and improve r o o t  growth cond i t ions .  

Yie lds  of f o r a g e  and hay from reclaimed lands  a r e  comparable 
t o  y i e l d s  from undis turbed  p a s t u r e s  and meadows a s  r epor t ed  
by t h e  West V i r g i n i a  Coopera t ive  Crop Repor t ing  Service.% 

3)  

4 )  

% T e x t u r a l  changes d i s c u s s e d  i n  t h i s  t e x t  r e f e r  t o  t h e  "plow l aye r "  o r  
t o p  6 inches  of m a t e r i a l .  

E/ West Vi rg in i a  Department of A g r i c u l t u r e ,  Div. of S t a t i s t i c s ,  Cha r l e s ton ,  
W .  Va., Ju ly  12,  1968, Monthly Farm Report .  

I 

I 
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Although rec lamat ion  of s t r i p  s p o i l  w i t h  f l y  ash  appears  t e c h n i c a l l y  
f e a s i b l e ,  p r a c t i c a l  a p p l i c a t i o n  and widespread acceptance  depend on a number 
of o t h e r  c o n s i d e r a t i o n s .  
and e s t h e t i c s  and s t r i p  mining laws w i l l  a l s o  p l a y  impor tan t  r o l e s .  Sur face  
mining d o u b t l e s s  w i l l  cont inue  t o  be  a major  f a c t o r  i n  r e c o v e r i n g  m i n e r a l s  
v i t a l  t o  t h e  n a t i o n ' s  economy, hence t h e r e  is cont inued  i n c e n t i v e  t o  evolve  
b e t t e r  rec lamat ion  techniques  and develop methods of  r e c o v e r i n g  m i n e r a l s  
w i t h  minimum damage t o  s u r f a c e  a r e a s  and s t reams.  

Economic j u s t i f i c a t i o n  w i l l  be a major  f a c t o r ,  
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TABLE 1. - Condition of surface-mined land, 
by state, January 1, 1965 

IIn lhousnnds 01 ncros] 

Lnnd Lmdnot  
Slnlr needin& riredlnp Total lruid 

trcnt- trrnt- cilslurbcd 2 
mrntn nicnt I 

Alabama- .................. 
Alaska- ..................... 
Arizona- ................... 
Arkansas- .................. 
California- ................. 
Colorado- .................. 
Connecticut ................ 
Delaware.. ................. 
Florida.. ................... 
Georgia-. .................. 
Hara i i  3.. ................... 
Idaho ...................... 
Illinois.. .................. 
Indiana- ................... 
Iowa ....................... 
Kansnx-. .................. 
Kentucky- ................. 
Louisiana. .................. 
Maine- .................... 
Maryland- ................. 
Nassachusetts .............. 
Michigan.. ................. 
Minnesota.. ................ 
Mississippi- ................ 
Missouri- .................. 
Montana ................... 
Nebraska .......... ~ . .  ...... 
Nevada- ................... 
New Hnmpshire.. ........... 
New Jersey.. ............... 
New Mexico ................ 
New York .................. 
North Carolina .............. 
North Dakota .............. 
Ohio ....................... 
Oklahoma.. ................ 
Oregon--. .................. 
Pennsylvania- .............. 
Rhode Island ............... 
South' Carolina. ............. 
South Dakota ............... 
Tennessee.. ................ 
Texns.. .................... 
Utah- ..................... 
Vermont ................... 
I'irginia- ................... 
Washington. ............... 
West Virginia- .............. 
Wisconsin. ................. 
Wyoming- ................. 

83. 0 
6. 9 
4. 7 

16. 6 
107. 0 
40. 2 
10. 1 
3. 5 

143.5 
13. .5 

30. 7 
88. 7 
27. 6 
35. 5 
50. 0 
79. 2 
17. 2 
21. 6 
18. 1 
25. 0 
26. 6 
71. 5 
23. 7 
43. 7 
19. 6 
16. 8 
20. 4 
5. 1 

21. 0 
2. 0 

50. 2 
22. 8 
22. I) 

171.6 
22. 2 
5. 8 

229.5 
2. 2 

19. 3 
25. 3 
62. 5 

136. 4 
3. 4 
4. 2 

111.4 
27. 4 
6. 4 

. . - - - - - . 

3T. 1 
3. i) 

50. 9 
4. 2 

27. 7 
5. 8 

66. 1 
14. 8 
G. 2 
2. 2 

45. 3 
8. 2 

10. 3 
54. 4 
97. 7 
8. 9 
9. 5 

48. 5 
13. 6 
13. 2 
7. 1 

15. 3 
10. 3 
43. 9 
5. 9 

15. 4 
7. 3 

12. 1 
12. 5 
3. 2 

12. 8 
4. 5 
7. 5 

14. 0 
14. 0 

105. 1 
5. 2 
3. 6 

140. 7 
1. 4 

13. 4 
8. 0 

38. 4 
20. 9 
2. 1 
2. .i 

23. 1 
3. 3 

84. 1 
8. 2 
4. 0 

- . . - - . . 

133. 9 
11. 1 
32. 4 
22. 4 

174. 0 
56. 0 
16. 3 
5. 7 

188.8 
21. 7 

...... 
41. 0 

143. 1 
125. 3 
44. 4 
59. 5 

127. 7 
30. 8 
34. 8 
25. 2 
40. 3 
36. 9 

115. 4 
29. 6 
50. 1 
26. 9 
28. 9 
32. 9 

8. 3 
33. 8 

6. 5 
57. 7 
36. 8 
36. 9 

276. 7 
27. 4 
0. 4 

370. 2 
3. 6 

32. 7 
34. 2 

100.9 
166. 3 

.I. 5 
6. 7 

60. 8 
8. 8 

195. 5 
3.5. 6 
10. 4 

Total ................ ' 2,040.6 1, 147. 2 3, 187. 8 
~ 

I Compiled from dnta sup licd by Soil Conscrvation 
Service, US. Department of &riculturc. 

Compiled from dnta supplied bv US. Dcpartmcnt of 
the Interior; from Soil Conscrvatibn Scrvicc; and from 
studygroup estimates. ' Less than 100 acres. 

' Does not include 108,000 :ICTCS of National Forest lnnrl 
needing treatment. 

TABLE 2. - Description of sur face  mine spoil s i t e s  
t rea ted  with f l y  ash 

1965 

3.1-4.7 

TABLE 3. - Chemical a n a l y s i s  of surface 
mine s p o i l  a t  s i t e s  1, 2 and 3L 

Const i tuent  Weixht-Per< 
S i t e  1 ] S i t e  2 
18.0 24.0 A120, 

s io, 69.3 59.7 
Fe2 4 
Pa 0, 
T i 4  
CaO 
MgO 
KaO 
Ne, 0 
S 
Ha 
C 
Bulk dens i ty ,  d c c  

. 3  

.8 
1.7 
1.4 

9.2 
.1 
. 7  

1.0 
. 5  

3.5 
. 5  
.6 

1.0 
5.0 
1.6 

nt 

21.4 
62.1 

7.7 
.-I 
.a 
. 5  
.8 

3.1 
. 5  
.1 

2.9 
_ -  
-- 

L S s m p l e  cores  were taken t o  depth of 
6 inches and composited for analys is .  
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Cons t i tuen t  

S io2 
A1203 
Fez 03 
CaO ' 
MgO 
Na, 0 
K20 

/I Major  elements 

I 

T iO?  

N . D .  
p2 0, 

'\ LO I 
Trace elements 

B 
cu 
Mn 
Mo 
Zn 

i 

Bulk d e n s i t y  g / c c  

Year 
F i r s t  (1967) 
Second (1968) 
Third  (1969) 

f 

47.7 
23.6 
15.6 
3.5 
1.5 
1.9 
2.2 
2.7 

.6 

Dry we igh t ,  t o n s l a c r e  
1s t  C u t t i n g  2nd C u t t i n g  3 rd  C u t t i n g  T o t a l  
Date Yie ld  Date Yie ld  Date Yield Yie ld  

June  1 1.6 -- None -- None 1.6 
June 5 1.4 Sep t .  5 .9 -- None 2.3 
June  2 1.7 J u l y  29 1.2 Sep t .  30 .9 3.8 

. 7  
3.6 

450 ppm 

200 pprn 
40 PPm 

20 PPm 
9 0  PPm 
1.15 

Seed mix tu re  I W t  p c t  

Kentucky 31 f e scue  

Red t o p  g r a s s  

Orchard g r a s s  

Rye g r a s s  

B i rds  f o o t  t re f o i 1 

(Fes tuca  a rundinacea  sh rebe )  

(Agros t i s  a l b a )  

(Da c t y  1 i s  g 1 ome rt a s ) 

(Lolium perenne) 

(Lotus c o r n i c u l a t u s )  

35 

14 

18 

28 

5 

100 
- 
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C o a l .  41 pct 

\ Sand & Gravel \ / 
26 oct 

FIGURE 1. - Surface  mining i n  USA by mineral  
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FIGURE 2 .  - Untreated s p o i l  remains a c i d i c ,  pH o f . s p o i 1 -  
f l y  a s h  m i x t u r e s  remain s u f f i c i e n t l y  h i g h  to 

m a i n t a i n  p l a n t  life 



100 pci 

- 37 - 

100 PCC C I I Y  

. SlfO 2 80 fi,30 

pd lilt 

PERCENT SAND 
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PRODUCTION OF ASHLESS, LOW-SULFUR 

BOILER FUELS FROM COAL 

B. K .  Schmid and W. C. Bull 

The P i t t s b u r g  & Midway Coal Wining Co. 
Kansas C i t y ,  No. 

S W R Y  

Current  and impending r e s t r i c t i o n s  on emiss ion  of s u l f u r  d ioxide  t o  the  
atmosphere have brought  o u t  t h e  f a c t  t h a t  a s h o r t a g e  of low-sulfur  f u e l s  
e x i s t s  f o r  power p l a n t  and i n d u s t r i a l  use. This  s i t u a t i o n  has  prompted 
cons iderable  r e s e a r c h  work on removal of s u l f u r  d ioxide  d u r i n g  o r  a f t e r  
combustion ( i . e .  t h e  so c a l l e d  s t a c k  gas t rea tment  processes) .  Because 
they have had c o n s i d e r a b l e  r e s e a r c h  emphasis throughout the i n d u s t r y ,  much 
of  t h e  p u b l i c i t y  d i s c u s s i n g  methods of  a l l e v i a t i n g  s u l f u r  d i o x i d e  p o l l u t i o n  
has  been concent ra ted  on s t a c k  gas  t r e a t i n g  p r o c e s s e s .  

Coal conversion p r o c e s s e s  have g e n e r a l l y  been overlooked i n  t h i s  f i e l d ,  
s i n c e  most of  them have h i s t o r i c a l l y  been d i r e c t e d  toward conversion of  - 
c o a l  t o  l i g h t  d i s t i l l a t e  f u e l s ,  and hence have been f a i r l y  c o s t l y .  A much 
less c o s t l y  process  i s  now under development, however, which i s  capable  
o f  producing an a s h - f r e e ,  low-sulfur  f u e l  f o r  power p l a n t  and i n d u s t r i a l  
use. The p r o c e s s ,  known as t h e  P i t t s b u r g  6 Midway Solvent  Refined Coal 
Process ,  is being  developed under  t h e  sponsorsh ip  of t h e  Office of Coal 
Research. The process  appears  t o  be p o t e n t i a l l y  more a t t r a c t i v e  than  
o t h e r  methods of a l l e v i a t i n g  s u l f u r  d i o x i d e  p o l l u t i o n .  

The Solvent Refined Coal Process  can produce a low-sul fur ,  a s h l e s s  f u e l  t o  
s e l l  a t  a cons iderably  lower p r i c e  than  most o t h e r  low-sulfur  f u e l s .  
Furthermore, t h e  use  o f  Solvent  Refined Coal h a s  a number of p o t e n t i a l  
advantages o v e r  s t a c k  g a s  t r e a t i n g  processes  even ac about the  same b a s i c  
o v e r a l l  cost. It a p p e a r s  t h a t  t h e  Solvent  Refined Coal Process w i i l  . 
u l t i m a t e l y  p l a y  a key r o l e  i n  provid ing  a low-sulfur  f u e l  t o  meet the  
requirements  o f  u t i l i t i e s  o p e r a t i n g  under a i r  p o l l u t i o n  c o n t r o l  laws and 
a t  t h e  same time make p o s s i b l e  t h e  u t i l i z a t i o n  of  c u r r e n t  r e s e r v e s  of big?,- 
s u l f u r  coal .  

INTRODUCTION 

The p a s t  few y e a r s  have  s e e n  a much g r e a t e r  concern i n  t h i s  country regard ing  
atmospheric p o l l u t i o n ,  and t h i s  has  l e d  t o  i n c r e a s e d  l e g i s l a t i o n  r e s t r i c t i n g  
t h e  d ischarge  o f  many s u b s t a n c e s  t o  t h e  atmosphere. Two o t  t h e  major 
t a r g e t s  of such l e g i s l a t i o n  have been s u l f u r  d ioxide  and p a r t i c u l a t e  m a t t e r .  
While r e s t r i c t i o n s  on p a r t i c u l a t e  mat te r  are ‘not new, they are becoming more 
s t r i n g e n t  a l l  t h e  time. R e s t r i c t i o n s  on s u l f u r  d ioxide  a r e  more recent, 
however, and promise t o  have a much g r e a t e r  impact on t h e  n a t i o n a l  energy 
p i c t u r e .  Many of t h e  major  c i t i e s  of t h e  United S t a t e s  now have l i m i t a t i o n s  
on t h e  s u l f u r  d ioxide  c o n t e n t  of s t a c k  gases  and i t  appears t h a t  such 
l imi ta t ions  w i l l  become both  more widespread and more s t r i n g e n t .  
remote a reas  such a s  the Black Mesa reg ion  of  Arizona t h e r e  is g r e a t  concern 
about  a tmospheric  p o l l u t i o n  (1). 
emiss ions  w i l l  probably be a p p l i e d  t o  t h e  e n t i r e  country.  On t h e  b a s i s  of 
p r e s e n t  t rends it appears  t h a t  t h e s e  r e s t r i c t i o n s  w i l l  l i m i t  f u e l s  t o  a 

Even i n  

Eventua l ly  r e s t r i c t i o n s  on s u l f u r  d ioxfde  
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a s u l f u r  content  o f  less than 1% and i n  many densely populated a r e a s  t h e  l i m i t s  
w i l l  be less than 0.5%. 

Many a r t i c l e s  and pub l i ca t ions  i n  t h e  p a s t  s e v e r a l  y e a r s  have d i scussed  
va r ious  means of a l l e v i a t i n g  t h e  a i r  p o l l u t i o n  problem r e s u l t i n g  from 
emission o f  s u l f u r  dioxide t o  t h e  atmosphere. 
being done and t h e r e f o r e  most of  t he  p u b l i c a t i o n s  have emphasized only one 
method of reducing s u l f u r  d iox ide  emissions;  namely, t h e  t r ea tmen t  o f  s t a c k  
gases fol lowing combustion of high-sulfur  f u e l s .  A number of p rocesses  have 
been announced f o r  d e s u l f u r i z a t i o n  of  petroleum r e s i d u a l  f u e l s ,  b u t  comparat ively 
l i t t l e  has  been s a i d  p u b l i c l y  about removing s u l f u r  from c o a l  p r i o r  t o  combustion. 
Even when s u l f u r  removal p r i o r  t o  combustion has  been d i scussed  i t  h a s  g e n e r a l l y  
dea l t  on ly  with mechanical removal of  p y r i t i c  m a t e r i a l s  from t h e  coa l .  While 
t h i s  can be  done i n  some cases  f o r  a moderate r educ t ion  o f  s u l f u r  c o n t e n t ,  i t  
is no t  p r a c t i c a l  f o r  a t t a i n i n g  t h e  e x t e n t  of s u l f u r  removal r equ i r ed  f o r  most 
h igh - su l fu r  c o a l s .  

When coa l  conversion p rocesses  are discussed i n  connect ion w i t h  s u l f u r  removal, 
they are u s u a l l y  dismissed wi th  t h e  con ten t ion  t h a t  t hey  are t o o  expensive.-  
This  concept ion has  undoubtedly r e s u l t e d  from the  background on t h e  work on 
c o a l  conversion p rocesses  i n  t h e  p a s t .  
of  coa l  d a t e s  back t o  t h e  work by Bergius as e a r l y  as 1913. Most of t h e  
e a r l y  work was d i r e c t e d  toward product ion of g a s o l i n e  and d i s t i l l a t e  f u e l  
o i l s  from coal .  The e a r l y  workers very qu ick ly  discovered t h a t  they could 
n o t  produce s i g n i f i c a n t  q u a n t i t i e s  of  d i s t i l l a t e  m a t e r i a l s  by d i r e c t  hydro- 
genat ion wi thou t  t h e  use of c a t a l y s t s .  Almost from t h e  ear l ies t  days,  
t h e r e f o r e ,  c a t a l y t i c  p rocess ing  was used i n  t h e  d i r e c t  hydrogenat ion of coal. 
For t h e  same reason c a t a l y t i c  p rocesses  were a l s o  emphasized i n  t h e  hydrogenat ion 
of coal  tars produced by the  ca rbon iza t ion  of  coa l .  

Research work i n  hydrogenation of bo th  c o a l  and coal  tars de r ived  from carboni- 
z a t i o n  of  coal  has  continued i n t e r m i t t e n t l y  s i n c e  t h a t  t i m e .  Even t h e  l a t e s t  
processes  developed have n o t  a s  y e t  proved t o  be economically a t t r a c t i v e ,  
however, i n  s p i t e  of  t h e  improved technology and improved c a t a l y s t s  developed 
s ince  the  e a r l y  days.  A l l  o f  t h e  research work c a r r i e d  o u t  from 1913 t o  t h e  
p re sen t  t i m e ,  p r i m a r i l y  using c a t a l y t i c  conve r s ion ,  undoubtedly forms the  
b a s i s  f o r  conclusions by many obse rve r s  t h a t  s u l f u r  removal by d i r e c t  
conversion is n o t  economical. 

Most o f  t h e  r e sea rch  work 

Research work on d i r e c t  hydrogenat ion 

SULFUR REMOVAL BY C O A L  CONVERSION 

1. Solvent Refined Coal Process  

A c o a l  conversion p rocess  is c u r r e n t l y  b e i n g  developed which is n o t  n e a r l y  
as c o s t l y  as e a r l i e r  processes .  The coa l  i s  converted n o t  t o  d i s t i l l a t e s  
but  t o  a low-sulfur ,  a s h l e s s  f u e l  resembling p i t c h  i n  its outward appearance.  
There a r e  a number o f  f a c t o r s  which make t h i s  p rocess  much less  expensive than 
p r i o r  c o a l  conversion processes .  These f a c t o r s  are ( 1 )  a much l o w e r  hydrogen 
consumption (about 1-2% by weight of coa l  compared t o  about 6-8% f o r  conversion 
t o  d i s t i l l a t e s ) ;  (2 )  less c o s t l y  equipment and lower o p e r a t i n g  c o s t s  r e s u l t i n g  
from t h e  use of  less seve re  o p e r a t i n g  c o n d i t i o n s ;  and (3)  no c a t a l y s t  is r equ i r ed .  



- 4 0 -  

The process  is  be ing  developed by The P i t t s b u r g  & Midway Coal +lining Co. 
under t h e  sponsorsh ip  o f  t h e  O f f i c e  o f . C o a 1  Research,  U. S. Department of 
t h e  I n t e r i o r .  It has  been des igna ted  as the  P i t t s b u r g  & Midway Solvent  
Refined Coal Process .  

A schematic  f low diagram of t h e  Solvent  Refined Coal Process  is  given i n  
Figure 1. Raw c o a l  is  p u l v e r i z e d  and mixed with a coal-der ived s o l v e n t  
b o i l i n g  in  t h e  g e n e r a l  range 550-800°F. 
t o g e t h e r  wi th  hydrogen, through a p r e h e a t e r  t o  a r e a c t i o n  zone, o r  d i s s o l v e r .  
The d i s s o l v e r  is o p e r a t e d  a t  a tempera ture  of  about 80OoF. and a pressure  of 
1000 ps ig .  A t  t h e s e  c o n d i t i o n s  about 95% of the  MAF coal  i s  d isso lved .  
A f t e r  s e p a r a t i o n  of e x c e s s  hydrogen, t h e  d i s s o l v e r  e f f l u e n t  c o n s i s t s  of t h e  
c o a l  s o l u t i o n  p l u s  t h e  undisso lved  inorganic  m a t e r i a l  from the  c o a l .  This  
s l u r r y  goes t o  t h e  f i l t r a t i o n  s e c t i o n  of t h e  p l a n t  where t h e  undissolved c o a l  
s o l i d s  are separa ted .  The f i l t r a t e  is  s e n t  t o  a vacuum f l a s h  d i s t i l l a t i o n  
s t e p  f o r  removal of  t h e  s o l v e n t  f o r  recyc le .  The bottoms t r a c t i o n  from t h e  
vacuum f lash  tower is  a h o t  l i q u i d  with a s o l i d i f i c a t i o n  p o i n t  of about 
300OF. This is t h e  major  product  of t h e  p r o c e s s ,  and i s  known as Solvent  
Refined Coal. This  material can e i t h e r  b e  s e n t  as a hot  molten l i q u i d  t o  an 
ad jacent  power p l a n t  o r  s o l i d i f i e d  f o r  shipment t o  another  I ) c a t i o n .  

The Solvent Refined Coal has  a h e a t i n g  va lue  of about  16,000 BTU p e r  pound 
and is s u r p r i s i n g l y  uniform i n  i t s  a n a l y s i s  r e g a r d l e s s  of t h e  type  of coa l  
fed  t o  the  process .  For example, Solvent  Refined Coal products  der ived  from 
both l i g n i t e  and bi tuminous c o a l s ,  when vacuum f l a s h e d  t o  the  same mel t ing  
p o i n t ,  have t h e  same carbon-hydrogen r a t i o ,  h e a t i n g  value and oxygen content  
even though t h e  c o a l s  from which they were der ived  d i f f e r  widely i n  t h e s e  
c h a r a c t e r i s t i c s .  

The coal-solvent  s l u r r y  is pumped, 

There i s  some var iat ’ - - ,Li  s u l f u r  c o n t e n t ,  however, t o r  Solvent  Refined Coal 
produced from widely d i f f e r e n t  c o a l s .  In genera l  a l l  of t h e  p y r i t i c  s u l f u r  
and o v e r  60% of t h e  o r g a n i c  s u l f u r  is removed d u r i n g  t h e  process .  I ~ J S  
means t h a t  i n  p r o c e s s i n g  a c o a l  c o n t a i n i n g  2% p y r i t i c  s u l t u r  and 2% organic  
s u l f u r  ( t o t a l  s u l f u r  c o n t e n t  of 4 % )  t h e  Solvent  Refined Coal product  would 
c o n t a i n  cons iderably  less  than  1% s u l f u r .  This  r e p r e s e n t s  a s u b s t a n t i a l  
reduct ion  i n  p o t e n t i a l  s u l f u r  d ioxide  emiss ion .  Where the  r a t i o  of  p y r i t i c  
s u l f u r  t o  o r g a n i c  s u l f u r  is h i g h e r  than 1 t o  1 ,  as i t  is i n  most c a s e s ,  t h c  
e x t e n t  of s u l f u r  r e d u c t i o n  would b e  even g r e a t e r .  A t o t a l  s u l f u r  removal 
of 85% i s  n o t  uncommon f o r  t h e  process .  Since t h e  h e a t i n g  value of  t h e  Solvent 
Refined Coal is  much g r e a t e r  than t h a t  of raw c o a l  t h e  e f f e c t i v e  s u l t u r  content  
is even lower than  it would f i r s t  appear. For example, Solvent  Refined Coal 
having a s u l f u r  c o n t e n t  of 0.8% would be e q u i v a l e n t  i n  s u l f u r  d ioxide  emission 
t o  a Western c o a l  c o n t a i n i n g  0.4% s u l f u r  and having  a h e a t i n g  value of 8000 
BTU p e r  pound. 

i 

i 

, 

The hydrogen requirement  of t h e  Solvent  Refined Coal Process  is about I-2X 
by weight  of t h e  c o a l  t r e a t e d .  The hydrogen can b e  r e a d i l y  obta ined  by 
steam reforming o f  the by-product gas from t h e  p r o c e s s .  There is s u f f i c i e n t  
gas produced t o  supply  a l l  of  the  hydrogen requirements  i f  p rocess  f u e l  can 
be obta ined  from a n o t h e r  source .  In most cases  i t  is  expected t h a t  a p a r t  o f  
t h e  Solvent Refined Coal produced would b e  used as process  f u e l .  This  would 
e l i m i n a t e  any requirement  f o r  n a t u r a l  gas. In view of t h e  impending shor tage  
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of  gas i n  most areas having l a r g e  coal  d e p o s i t s ,  t h i s  is a very real advantaga.  

In a d d i t i o n  t o  t h e  Solvent  Refined Coal,  a l i g h t  l i q u i d  is a l s o  produced i n  
t h e  process .  
u s u a l l y  about 10-15% by weight of t h e  o r i g i n a l  c o a l  charged. Thls  product  
would be  s u i t a b l e  as f eed  stock t o  a petroleum r e f i n e r y  and should be a very 
va luab le  b l end ing  component. 

The l i q u i d  p roduc t  is cons ide rab ly  h i g h e r  i n  n i t r o g e n  t h a n  petroleum f r a c t i o n s  
o f  t he  same b o i l i n g  range,  b u t  n i t r o g e n  removal p rocesses  have been and a re  
s t i l l  b e i n g  developed i n  connect ion wi th  c a t a l y t i c  hydrocracking processes .  
It i s  a n t i c i p a t e d  t h a t  t h e  h e a v i e r  f r a c t i o n  o f  t h i s  product  would be  processed 
by c a t a l y t i c  hydrocracking followed by c a t a l y t i c  reforming,  while rhe l i g h t  
l i q u i d s  would b e  processed by h y d r o t r e a t i n g  p l u s  reforming. The hlgh c y c l i c  
content  o f  t h e  coal-der ived m a t e r i a l  should provide e x c e l l e n t  reformer charge 
s tocks  i n  e i t h e r  case. The reformate would thus have a h i g h  concen t r a t ion  of 
benzene, t o luene  and xylene.  These materials are v a l u a b l e  e i t h e r  as chemical 
by-products o r  t o  provide t h e  a romat i c  compounds which w i l l  b e  needed i n  
g r e a t e r  q u a n t i t i e s  f o r  non-leaded gaso l ines  of  t h e  f u t u r e .  The l i g h t  l i q u i d  
a l s o  con ta ins  l a r g e  q u a n t i t i e s  of  phenol and c r e s y l i c  a c i d s  (about  15-20% by 
weight)  which could be  s e p a r a t e d  and s o l d  as by-products.  
work i n  o t h e r  l a b o r a t o r i e s  on similar coal-der ived l i q u i d s  gene ra l ly  support  
t he  above obse rva t ions  (*). 

The s o l i d s  from t h e  f i l t r a t i o n  s e c t i o n  are d r i e d  t o  remove excess  s o l v e n t ,  
then burned i n  a f l u i d i z e d  combustion zone. The solids con ta in  cons lde rab le  
undissolved carbon (35-55% by weight)  and it is  d e s i r a b l e  t o  recover  t h i s  
for its h e a t i n g  value.  In a d d i t i o n  t o  carbon, t h e  s o l i d s  also con ta in  
about 5-8% s u l f u r .  This makes t h e  s u l f u r  d iox ide  con ten t  0:  t h e  combustion 
gases q u i t e  h i g h ,  high enough so t h a t  i t  is f e a s i b l e  t o  combine t h i s  S u l f u r  
d iox ide  wi th  hydrogen s u l f i d e  from t h e  s o l u t i o n  s t e p  in a modified Claus 
process .  The f l u i d i z e d  combustion zone would b e  a Pope, Evans and Robbins 
f l u i d i z e d  bed b o i l e r .  It has  r e c e n t l y  been shown that s u l f u r  d iox ide  from 
such a b o i l e r  can b e  concen t r a t ed  i n  a small p a r t  o f  the t o t a l  combustion 
gas. The concent a t i o n  i n  t h i s  gas stream is ove r  30 times t h a t  ob ta ined  i n  
normal combustioni3). 
t o  use t h e  s u l f u r  d iox ide  i n  a Claus type  r e a c t i o n ,  This scheme permirs t h e  
recovery of  e s s e n t i a l l y  a l l  o f  t h e  s u l f u r  from t h e  p rocess  as e l emen ta l  s u l f u r .  

The steam generated from combustion of  t h e  mine ra l  r e s i d u e  p l u s  t h a t  from 
process  waste h e a t  can be  r e a d i l y  converted t o  e l e c t r l c a l  power. 
power generated i s  s u f f i c i e n t  n o t  only t o  supply t h e  c o a l  mine and t h e  
p rocess ing  p l a n t ,  b u t  would a l s o  provide excess  power. 
p l a n t  i s  l o c a t e d  close enough, a d d i t i o n a l  s a v i n g s  could probably be a t t a i n e d  
by sending t h e  steam d i r e c t l y  t o  the  main power p l a n t .  

2 .  Other  P rocess ing  Methods 

While t h e  Solvent  Refined Coal Process  w a s  f o r  some t i m e  t h e  on ly  p u b l i c l y  
announced p rocess  f o r  producing low-sulfur  f u e l s  from c o a l ,  a t  least one 
o t h e r  coa l  conversion p rocess  f o r  product ion of low-sulfur f u e l s  has r e c e n t l y  
been announced(4). 
t he  Office o f  Coal Research. The major d i f f e r e n c e  between t h e  H-Coal Process  

Th i s  l i q u i d  has  a b o i l i n g  range o f  about 100-45@°Fc and is 

The r e s u l t s  of 

Such concen t r a t ions  shou ld  make i t  even more p r a c t i c a l  

The 

l f  t h e  p rocess ing  

This i s  t h e  H-Coal P rocess ,  also sponsored i n  p a r t  by 
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and t h e  Solvent  Refined Coal Process  is t h a t  t h e  H-Coal Process  uses a 
petroleum type  d e s u l f u r i z a t i o n  c a t a l y s t  i n  an e b u l l a t e d  bed r e a c t i o n  
zone. The e b u l l a t e d  bed is maintained by l i q u i d  phase t l u i d i z a r i o n  of t h e  
c a t a l y s t  and t h i s  r e q u i r e s  a very high r a t e  o f  i n t e r n a l  l i q u i d  recyc le .  
Both t h e  c a t a l y s t  and t h e  h i g h  i n t e r n a l  r e c y c l e  i n c r e a s e  the  c o s t  of t h e  
process  over t h e  Solvent  Refined Coal Process .  In genera l  i t  appears  t h a t  
the  Solvent  Refined Coal Process  w i l l  b e  more economical where t h e  requi red  
s u l f u r  levels can be reached wi thout  t h e  use o f  a c a t a l y s t  lhe  use o t  a 
c a t a l y t i c  process  may be d e s i r a b l e  when s u l f u r  requirements  a r e  i n  t h e  order  
of 0.1 t o  0.2%. a l though even  in such cases i t  may still be more e f f i c i e n t  
t o  use  the  Solvent  Refined Coal Process  as t h e  f i r s t  scage  01 a two-stage 
scheme. The second s t a g e  would b e  a c a t a l y t i c  s t e p  in which t h e  feed  s t o c k  
would conta in  much fewer contaminants  than  t h e  rdw Loa1 

The Solvent  Refined Coal Process  has  been r e f e r r e d  L O  as "non-ca ta ly t ic" ,  
p r i m a r i l y  because a commercial c a t a l y s t  is n o t  used.  There is cons iderable  
experimental  ev idence ,  however, t h a t  t h e  i n o r g a n i c  mineral  matt.eL i n  t h e  
coa l  h a s  a s i g n i f i c a n t  c a t a l y t i c  e f f e c t  in t h e  Solvent Retined Coal Process .  
While t h e  c a t a l y t i c  e f f e c t  is c e r t a i n l y  n o t  as g r e a t  as chat ob ta ined  from a 
f r e s h  commercial h y d r o d e s u l f u r i z a t i o n  c a t a l y s t ,  t h e  d i f f e r e n c e  is  probably 
not  n e a r l y  as g r e a t  a f t e r  normal d e a c t i v a t i o n  oi t h e  commer,ial c a t a l y s t ,  
The e x t e n t  of t h e  expec ted  d i f f e r e n c e  h a s  n o t  y e t  been e s c a b l i s h e d ,  bu t  i t  
is t h i s  d i f f e r e n c e  which w i l l  u l t i m a t e l y  determine t h e  t e a s i b i l i t y  o t  us ing  
a c a t a l y t i c  process  f o r  d i r e c t  hydrogenat ion of c o a l .  

3. New Process  Developments 

Addi t iona l  l a b o r a t o r y  work h a s  revea led  t h a t  t h e  use o t  Larbon monoxide and 
steam t o  rep lace  p a r t  of t h e  hydrogen promises  t o  resuLL i n  t u r t h e r  process  
improvement. 
r e c e n t l y  t h a t  advantageous r e s u l t s  have c l e a r l y  been shown t o r  t h e  use of 
carbon monoxide and steam in process ing  of  coa l .  
o r i g i n a t e d  by s c i e n t i s t s  a t  t h e  U -  S. Bureau of Mines15) (6)  ( I ) .  
of  t h e s e  promising d i s c l o s u r e s ,  l a b o r a t o r y  work was undertaken by P i t  t sburg  
& Midway t o  apply t h e  p r i n c i p l e  t o  t h e  Solvent  Refined Coal Process*  It 
w a s  found by P&M t h a t  t h e  u s e  of carbon monoxide and steam w a s  more e f f e c t i v e  
than hydrogen a lone  f o r  p r o c e s s i n g  of  l i gn i t e  and subbituminous coa ls .  
r e s u l t s  were very promising a l s o  f o r  bituminous c o a l ,  a l though t h e  improvements 
were n o t  as  pronounced a s  w i t h  l i g n i t e s  or subbituminous .oa ls .  In a d d i t i o n ,  
mix tures  of  carbon monoxide and hydrogen wi th  s team have been found LO be 
about as e f f e c t i v e  as carbon monoxide and steam a l o n e -  

These r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  s y n t h e s i s  gas  could be used i n  p l a c e  of 
hydrogen in t h e  Solvent  Refined Coal Process .  
should a l s o  have an economic b e n e f i t  s i n c e  some of t h e  s c e p s  normally used 
to  conver t  s y n t h e s i s  gas  t o  hydrogen could be e l i m i n a t e d .  Another advantage 
is t h a t  the r e a c t i o n  of  carbon monoxide and steam i n  t h e  d i s s o l v e r  forms 
hydrogen in  excess  of  t h a t  used in t h e  s o l u t i o n  process ,  with a consequent 
enrichment of  hydrogen i n  t h e  recyc le  gas  system. Removal oi p a r t  of  t h i s  
hydrogen could make i t  cheaply  a v a i l a b l e  as a pure gas f o r  l a t e r  use in 
c a t a l y t i c  hydrogenat ion s t e p .  
o f  t h e  recyc le  gas and might ,  in  f a c t ,  be  b e n e f i c i a l .  
t ages  are t h a t  the coal would n o t  r e q u i r e  a d r y i n g  s t e p  and phenol ic  waste  

Although t h i s  i d e a  had been t r i e d  many years  dgo, IL is only 

This  recent work was 
As a r e s u l t  

The 

The use of. s y n t h e s i s  gas 

This  would n o t  adverse ly  aftect  t h e  Lomposition 
Other p o t e n t i a l  advan- 

I 

I 
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water could be recycled to  provide p a r t  of t h e  water  t o r  t h e  p rocess?  This 
would a l s o  e l imina te  t h e  n e c e s s i t y  f o r  treatment of pheno i i c  waste w a L e r .  

The p o t e n t i a l  use of s y n t h e s i s  gas O K  carbon monoxide and steam in t h e  Solvent 
Refined Coal Process is a r e l a t i v e l y  new development and is  being f u r t h e r  
s t u d i e d  a t  t he  p r e s e n t  t i m e .  It i s  a n t i c i p a t e d  that  t h e  work w i l l  u l t i m a t e l y  
make t h e  process  even more economically a t t r a c t i v e ,  

4. Economics of  Solvenr Refined' Coal Process  

An economic s tudy has  r e c e n t l y  been made t o  derermine rhe  p r i c e  ac which che 
Solvent  Refined Coal would have t o  b e  so ld  eo a r t a i n  a 10% discounted cash 
flow rate o f  r e t u r n  on investment(8),  
very dependent on c r e d i t s  allowed f o r  by-products of che p rocess  A summary 
o f  t h e  e f f e c t  o f  by-products on t h e  p r i c e  of  Solvenr Refined Coal is given 
i n  Table 1. I f  t h e  l i g h t  l i q u i d s ,  s u l f u r  and e l e c t r i c a l  power are considered 
as by-products,  t h e  p r i c e  'of Solvent Refined Coal would be aboue 40c/MM BTU 
(Case I ) .  
l ong  ton and the excess  e l e c t r i c a l  power ac 0.4~ p e r  KWH 

I f  t h e  Solvent Refined Coal p l a n t  were l o c a t e d  in an atea where i t  is i m p r a c t i c a l  
t o  market the l i g h t  l i q u i d  as a by-product, t h e  c o s t  or t h e  Solvenr Refined 
Coal would inc rease  t o  about 45c/MM BTU (Case 11)- In t h i s  case t h e  l i g h t  
l i q u i d  would be included Cn t h e  Solvent Refined Coal and wauld lower i t s  
me l t ing  po in t  t o  some e x t e n t .  I f  i t  is a l s o  not p o s s i b l e  t o  sell  s u l f u r  and 
e lectr ical  power as by-products,  t h e  c o s t  o f  r h e  Solvent Refined Coal would 
f u r t h e r  i n c r e a s e  t o  about 47c/MM BTU (Case 111). 

The above p r i c e s  are based on the assumption t h a r  t he  Solvent  Refined Coal 
p l a n t  would be l o c a t e d  ad jacen t  t o  a power p l a n t  i n  r h e  I l l inois-Kentucky 
area. This means t h a t  t he  Solvent  Refined Coal would b e  pumped as a l i q u i d  
d i r e c t l y  t o  t h e  power p l a n t .  l f  che p a r e r  p l a n t  w e r e  k c a t a d  ac  some d i s t a n c e  
from t h e  p rocess ing  p l a n t ,  about 2c/MM BTU would have t o  be added f o r  product 
s o l i d i f i c a t i o n ,  i n  a d d i t i o n  t o  any t r a n s p o r t a t i o n  c o s t s -  

The p r i c e  range o f  40 t o  50c/MM BTU f o r  t h e  Solvent Refined Coal product  
appears  very r easonab le  i n  comparison wich c u r r e n t  p r i c e s  f o r  compe t i t i ve  
low s u l f u r  f u e l s .  For eftample, t h e  r ecen t  p r i c e  quoted f o r  1% s u l f u r  N U .  6 
f u e l  o i l  was $4.10 p e r  b a r r e l  (about 65cIMM BTU in New York Harbor) and 
$4.62 p e r  b a r r e l  (about 73c/MM BTU) i n  t h e  Chicago a r e a ( 9 )  
even a t  t hese  p r i c e s  the q u a n t i t y  of No. 6 f u e l  o i l  con ra in ing  less t han  1% 
s u l f u r  is  d e f i n i t e l y  l i m i t e d .  

Some power p l a n t s  i n  t h e  I l l i n o i s  area have tu rned  t o  s h i p p i n g  low-sulfur coa l  
from t h e  Western states i n  an e f f o r t  t o  meet rhe r e s t r i c e i o n s  on s u l f u r  
con ten t .  While such c o a l  is a v a i l a b l e  a t  t h e  mine si te  f o r  a low p r i c e ,  t h e  
c o s t  of sh ipp ing  i t  f o r  1000-1500 miles i s  very high.  For example, t h e  total 
c o s t  of Wyoming low-sulfur c o a l  d e l i v e r e d  t o  t h e  Chicago area is about 55-60c/MM 
BTU(10). 
range o f  45-50c/MM BTU(I0), t h i s  is at l e a s t  as h igh  as t h e  p r i c e  f o r  Solvent  
Refined Coal. Because i t  is v i r t u a l l y  f r e e  and would not r e q u i r e  an e l e c r r o -  
s t a t i c  p r e c i p i t a t o r ,  the. Solvent  Refined Coal i s  much more advantageous fo r  
a power p l a n t  even a t  t h e  same p r i t e -  

The p r i c e  of Solvent  Refined C o d  i s  

The l i g h t  l i q u i d s  are valued at  $3.50  per b a r r e l ,  s u l f u r  a t  $10 p e r  

Furthermore,  

Although lower n e g o t i a t e d  f r e i g h t  r a t e s  may b r i n g  t h i s  down t o  t h e  

\ 
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OTHER METHODS OF SULFUR DIOXIDE CONTROL 

1. . Stack Gas T r e a t i n g  Processes  

I n  most reviews o f  t h e  g e n e r a l  problem o f  a i r  p o l l u t i o n  abatement ,  s t a c k  gas  
t r e a t i n g  processes  have been d iscussed  as if they were t h e  only p r a c t i c a l  
methods f o r  c o n t r o l  o f  s u l f u r  d ioxide  emiss ion ,  Varioue groups c a l l i n g  f o r  
more research on s u l f u r  d i o x i d e  c o n t r o l  n e a r l y  always s p e c i f i c a l l y  menrion 
s t a c k  gas t rea tment  p r o c e s s e s .  Considerable  research  e f f o r t s  h a v e  a l ready  
been d i r e c t e d  toward removal of  s u l f u r  d ioxide  from combustion gases .  These 
e f f o r t s  have r e s u l t e d  I n  t h e  emergence o f  n o  less than 2 1  d i f f e r e n t  s t a c k  
gas t r e a t i n g  processes  i n  v a r i o u s  s t a t e s  of development ~ 

Probably the  most advanced of such processes  are t h e  dry l imes tone  process  
and Combustion Eng inee r ing  Corpora t ion ' s  dolomite i n j e c t i o n  wet sc rubbing  
process .  Both of t h e s e  p r o c e s s e s  adsorb s u l f u r  d i o x i d e  on t h e  dolomite  o r  
l imestone.  No a t tempt  is made t o  recover  t h e  s u l f u r  d ioxide  and a s  a r e s u l t  
no s i g n i f i c a n t  by-products a r e  a v a i l a b l e  for sale. 

Another of t h e  more advanced s t a c k  g a s  processes  is t h e  Monsanto c a t a l y t i c  
o x i d a t i o n  process .  
recovers  s u l f u r i c  a c i d  as a by-product. The value  o f  s u l f u r i c  a c i d  as a 
by-product has diminished somewhat in  r e c e n t  months, however, s i n c e  t h e  p r i c e  
o f  s u l f u r  has  decreased  s h a r p l y .  

A l l  t h r e e  of t h e s e  p r o c e s s e s  have been i n s t a l l e d  on a test b a s i s  i n  a few 
power p l a n t s  throughout  the country.  
I n d i c a t e d  t h a t  a c t u a l  c o s t s  o f  a l l  of these  s t a c k  gas t r e a t i n g  processes  
w i l l  be f a r  i n  excess  o f  t h e  g e n e r a l l y  publ i shed  c o a t  e s t i m a t e s .  
i n c r e a s e s  are a p p a r e n t l y  so g r e a t  t h a t  i t  h a s  been s a i d  t h a c  c o s t s  publ ished 
even s i x  months ago a r e  now o b s o l e t e ( l l ) .  
of t h e s e  processes  f o r  s u l f u r  removal has  g e n e r a l l y  been l e s s  than  o r i g i n a l l y  
a n t i c i p a t e d .  

This p r o c e s s  i s  much more c o s t l y  than  t h e  o t h e r  two, but  

The r e s u l t s  of  t h e s e  tests have 

The 

In a d d i t i o n ,  t h e  e f f e c t i v e n e s s  

For these  reasons no a t t e m p t  w i l l  be made t o  d i r e c t l y  compare s t a c k  gas  
t r e a t i n g  c o s t s  w i t h  t h e  c o s t s  of producing a low-sulfur  f u e l  from coal .  
Information obta ined  from p r i v a t e  sources  i n d i c a t e s  t h a t  t h e  a c t u a l  c o s t  of 
s t a c k  gas  t r e a t i n g  p r o c e s s e s  w i l l  be in  t h e  same g e n e r a l  range as t h e  c o s t s  
of decreas ing  t h e  s u l f u r  c o n t e n t  of t h e  f u e l .  It is s t i l l  f a r  too e a r l y  t o  
a t tempt  any a c t u a l  c o s t  comparisons at t h i s  t i m e ,  however, and i t  appears  t h a t  
experimental  work should  probably be cont inued i n  both types of  p o l l u t i o n  
c o n t r o l  methods. 

In connect ion w i t h  t h e  r e l a t i v e  merits o f  s t a c k  gas t r e a t i n g  vs. d e s u l f u r i z a t i o n  
of  c o a l  it is of  i n t e r e s t  t o  cons ider  c e r t a i n  aspects which would n o t  be 
d i r e c t l y  accounted f o r  i n  most economic comparisons. 
are c e r t a i n  b e n e f i t s  which would tend t o  favor  t h e  c o a l  d e s u l f u r i z a t i o n  route  
i f  t h e  obvious c o s t s  o f  p o l l u t i o n  c o n t r o l  were about t h e  same in  both cases .  

In t h i s  regard  t h e r e  

( a )  By-products - The p o t e n t i a l  by-products a v a i l a b l e  from s t a c k  
gas t r e a t i n g  processes  are genera l ly  l i m i t e d  t o  s u l f u r  o r  s u l f u r i c  a c i d .  A 
c o a l  conversion p r o c e s s ,  however,  has t h e  p o t e n t i a l  f o r  product ion  of  many 
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more by-products than can reasonably  be  cons idered  i n  an i n i t i a l  economic 
eva lua t ion .  Ult imate  u t i l i z a t i o n  of  such by-products through f u r t h e r  research  
and development holds  the  promise of  making t h e  Solvent  Refined Coal Process  
considerably cheaper  than  s t a c k  gas t r e a t i n g  processes .  

In  a d d i t i o n ,  i t  seems t h a t  t h e  power companies g e n e r a l l y  p r e f e r  n o t  t o  
d i v e r s i f y  i n t o  t h e  chemical b u s i n e s s  as t h e y  would b e  forced  t o  do by the  
i n s t a l l a t i o n  o f  any s t a c k  gas  t r e a t i n g  process  r e q u i r i n g  recovery of by- 
products  such a s  s u l f u r  o r  s u l f u r i c  ac id .  A t  t h e  same u l t i m a r e  cos t  i t  is 
much more convenient  f o r  them t o  s imply buy a low-sulfur  f u e l ,  

(b) Uniform B o i l e r  Design - Because o f  t h e  uni formi ty  o f  t h e  Solvent  
Refined Coal r e g a r d l e s s  of  c o a l  s o u r c e  its widespread use f o r  power genera t ion  
could lead  t o  a uniform of f - the-she l f  des ign  f o r  power p l a n t  b o i l e r s .  
p r e s e n t  time b o i l e r s  must b e  designed f o r  a p a r t i c u l a r  type o f  c o a l  and when 
a d i f f e r e n t  t y p e  o f  c o a l  is  used,  s e v e r e  o p e r a t i n g  problems can r e s u l t .  
h a s  happened i n  t h e  s u b s t i t u t i o n  o f  low-sulfur  Western c o a l s  i n  b o i l e r s  designed 
f o r  I l l i n o i s  c o a l s ( l * ) .  
would l e a d  t o  c o s t  sav ings  f o r  t h e  power companies, s i n c e  t h e  c o s t  o f  producing 
such b o i l e r s  should  be  less than  i f  many d i f f e r e n t  des igns  were requi red .  

A t  t h e  

This  

It is almost c e r t a i n  t h a t  the  use o f  uniform b o i l e r s  

(c )  The use o f  a low-sulfur  f u e l  is a p o s i t i v e  guarantee  t h a t  s u l f u r  
d ioxide  p o l l u t i o n  would b e  c o n t r o l l e d  a t  a l l  t imes.  
coa l  process ing  p l a n t  could b e  handled by a p p r o p r i a t e  s t o c k - p i l i n g  o f  low- 
s u l f u r  fue l .  
t h e  o p e r a b i l i t y  of t h e  process  would r e s u l t  i n  e x c e s s i v e  emission of s u l f u r  
d ioxide  t o  t h e  atmosphere. Thus, t h e  use o f  a low-sulfur  f u e l  is a more 
r e l i a b l e  and p o s i t i v e  method o f  p o l l u t i o n  c o n t r o l .  

Any down-time i n  t h e  

With s t a c k  gas c l e a n i n g  processes ,  however, any i n t e r r u p t i o n  i n  

(d) I n t e g r a t i o n  wi th  o t h e r  processes  - Even though the  economics o f  a 
Solvent  Refined Coal p l a n t  s t a n d i n g  alone. a r e  a t t r a c t i v e ,  a d d i t i o n a l  economic 
b e n e f i t s  can be  a t t a i n e d  by i n t e g r a t i n g  i t  wirh  o t h e r  processes  i n  a mult i -  
p rocess  complex. For example, t h e  Solvent  Refined Coal product  can be  simply 
a f i r s t  s t a g e  i n  an o v e r a l l  p rocess  t o  produce d i s t i l l a t e  f u e l s  and p i p e l i n e  
gas ,  a s  w e l l  as a low-sulfur  power p l a n t  fue l .  

An e s p e c i a l l y  a t t r a c t i v e  combination process  scheme is now under s tudy  by 
P&M through a s u b c o n t r a c t  w i t h  C h e m  Systems, Inc .  In  t h i s  scheme t h e  Solvent  
Refined Coal is hydrocracked and h y d r o t r e a t e d  in two c a c a l y t i c  hydrogenat ion 
s t e p s  t o  produce a d i s t i l l a t e  m a t e r i a l  s u i t a b l e  f o r  use as f e e d  s t o c k  t o  a 
petroleum r e f i n e r y .  A coa l  g a s i f i c a t i o n  process  is used t o  produce hydrogen 
f o r  t h e  t h r e e  hydrogenat ion s t e p s  i n  t h e  complex. 
is produced i n  both  t h e  g a s i f i c a t i o n  and hydrogenat ion s t e p s .  
r e s i d u e  from t h e  Solvent  Refined Coal Process  is charged t o  t h e  g a s i f i c a t i o n  
process  t o  u t i l i z e  t h e  undisso lved  carbon. 

Prel iminary r e s u l t s  of  t h i s  s tudy  i n d i c a t e  t h a t  a l l  of  t h e s e  processes  complement 
each o t h e r  e f f e c t i v e l y  so as t o  make a very promising scheme. 
design and economic s t u d y  o f  t h i s  scheme is be ing  made by C h e m  Systems, Inc . ,  
t h e  f i r s t  phase of  which is soon t o  b e  publ i shed  by t h e  O f f i c e  of  Coal Research. 

Methane f o r  p i p e l i n e  gas 
The mineral  

A conceptual  
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.2. Methane 

Probably the  u l t i m a t e  p o l l u t i o n - f r e e  f u e l  i s  n a t u r a l  g a s ,  and i t s  use by 
power p l a n t s  would e l i m i n a t e  s u l f u r  d iox ide  emissions.  This  i s  no t  a very 
p r a c t i c a l  s o l u t i o n  t o  t h e  problem, however, s i n c e  t h e r e  simply is  n o t  
enough gas t o  supply f u e l  requirements even f o r  e x i s t i n g  power p l a n t s ,  not 
t o  mention t h e  l a r g e  q u a n t i t y  o f  new power p l a n t s  which w i l l  be r equ i r ed  i n  
t h e  f u t u r e .  In f a c t ,  i t  is ques t ionab le  how long  many o f  t he  power p l a n t s  
now u s i n g  n a t u r a l  gas w i l l  b e  a b l e  t o  con t inue  bu rn ing  t h i s  f u e l .  

A number of p rocesses  are now b e i n g  developed t o  conve r t  c o a l  t o  s y n t h e t i c  
gas. The c o s t s  f o r  producing s y n t h e t i c  gas  from c o a l ,  however, are almost 
c e r t a i n  t o  b e  h i g h e r  t han  t h e  c o s t s  o f  producing a h e a v i e r  l i q u i d  material 
such as Solvent  Refined Coal. These h i g h e r  c o s t s  r e s u l t  from g r e a t e r  
requirements i n  terms o f  bo th  hydrogen consumption and the  process  s t e p s  
necessa ry  f o r  conversion.  The conversion of  c o a l  t o  gas  w i l l  almost 
c e r t a i n l y  become a commercial r e a l i t y  as g a s i f i c a t i o n  p rocesses  are developed, 
b u t  i t  is  l i k e l y  t h a t  such gas w i l l  be used p r i m a r i l y  as a premium f u e l  where 
its c o s t  can be  more easily j u s t i f i e d  than i n  a power p l a n t .  S i m i l a r l y ,  
l i q u i f i e d  n a t u r a l  gas imported i n t o  t h i s  country i s  so c o s t l y  t h a t  i t  is  
very u n l i k e l y  t o  be  used t o  a s i g n i f i c a n t  e x t e n t  f o r  power gene ra t ion .  
s a t i s f y  the requirements  for a low-sulfur  p a r e r  p l a n t  f u e l ,  i t  is much more 
r e a l i s t i c  t o  use a less c o s t l y  f u e l  such as Solvent  Refined Coal. 

To 

9. Nuclear Power 

Among the o t h e r  methods which have been suggested f o r  s u l f u r  d iox ide  emission 
c o n t r o l  is t h e  use o f  nuclear power. Th i s  is a lso  n o t  a r e a l i s t i c  s o l u t i o n  
s i n c e  the a n t i c i p a t e d  demand f o r  electrical  power i s  so g r e a t  t h a t  even with 
t h e  most o p t i m i s t i c  advances i n  n u c l e a r  power g e n e r a t i o n ,  f o s s i l  f u e l s  w i l l  
be  r equ i r ed  f o r  many y e a r s  i n t o  t h e  f u t u r e .  Furthermore,  n u c l e a r  power has  
its own p e c u l i a r  t ype  of environmental  problems to  be  so lved .  

CONCLUSIONS 

The p rob lemof  s u l f u r  d i o x i d e  and p a r t i c u l a t e  emissions to  t h e  atmosphere can 
b e s t  be  solved by removing t h e  ash and s u l f u r  from c o a l  p r i o r  t o  combustion. 
From a p r a c t i c a l  s t a n d p o i n t ,  t h i s  can b e  accomplished by  t h e  P i t t s b u r g  & 
Midway Solvent Refined Coal P rocess ,  now be ing  developed under t h e  sponsor- 
s h i p  o f  the O f f i c e  o f  Coal  Research. Th i s  p rocess  appears  t o  be  p o t e n t i a l l y  
a w e  a t t r a c t i v e  t h a n  o t h e r  methods of  a l l e v i a t i n g  the p r e s e n t  problem of  
s u l f u r  d iox ide  and p a r t i c u l a t e  p o l l u t i o n  from power p l a n t s .  
t he  Solvent Refined Coal P rocess  can h e l p  t o  r e l i e v e  t h e  c u r r e n t  sho r t age  of 
low-sulfur  f u e l s  and a t  t h e  same time provide a means o f  u t i l i z i n g  t h e  high- 
s u l f u r  coa l  reserves o f  t h e  na t ion .  

In a d d i t i o n ,  

I 
I 
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TABLE I 

REQUIRED PRICE FOR P&M SOLVENT REFINED COAL 

S e l l i n g  Price,  
Inc lud ing  PO% DCF 

Return on Investment 
(Cents p e r  Mi l l i on  BTU) 

Case I - L i g h t  l i q u i d  product s o l d  as 
r e f i n e r y  feed s tock .  S u l f u r  
and e l e c t r i c a l  power s o l d  as 

~ by-products. 

Case 11 - Light  l i q u i d  combined wi th  
Solvent Refined Coal f o r  
sale as power p l a n t  f u e l .  
S u l f u r  and electr ical  power 
s o l d  as by-products. 

Case I11 - Ligh t  l i q u i d  combined w i t h  
Solvent Refined Coal f o r  
sale as power p l a n t  f u e l .  
No by-products so ld .  

40.7 

45.0 

47.4 

\ 
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A NOVEL AND FAST TECHNIQUE FOR THE DIFFERENTIATION OF 
CARBON AND CARBON COMPOUNDS I N  COAL 

Abund 0. W i s t ,  Ph.D. 
Department of Occupa t iona l  Hea l th ,  U n i v e r s i t y  o f  P i t t s b u r g h  

130 D e  S o t o  S t r e e t ,  P i t t s b u r g h ,  Pa. 15213 

I n t r o d u c t i o n :  
The d i f f e r e n t  t y p e s  of coal are normally c l a s s i f i e d  

w i t h  t h e  h e l p  of t h e r m a l  methods. One of t h e  main a i m s  of such  
methods i s  t o  de t e rmine  t h e  amount of carbon n o t  bound any 
o t h e r  e l emen t s  i n  t h e  coal,  c a l l e d  " f ixed"  carbon here'" which 
i s  p robab ly  e q u i v a l e n t  to t h e  term " f r e e "  or  even "e lementa l"  
carbon i n  o t h e r  i n v e s t i g a  A s h o r t  t e n t a t i v e  method w a s  
f o r  i t  sugges t ed  by Swain'iPnking D i f f e r e n t i a l  Thermal Analyses  
r e q u i r i n g  s t a n d a r d s  w i t h  known amounts of chemica l ly  determined 
carbon i n  which t h e  carbon h a s  t o  be a ve ry  s imilar  form to  t h a t  
of t h e  sample. Th i s  i s  ve ry  inconven ien t  c o n s i d e r i n g  t h e  many 
d i f f e r e n t  forms of ca rbon  a l o n e  i n  one coal.  The s t a n d a r d  t e s t  
f o r  t h y 2 F l a s s i f i c a t i o n  of coal i s  
Mines . I t  does n o t  need any S tanda rds  and t h e  p r e c i s i o n  
of t h e  carbon d e t e r m i n a t i o n  i s  ve ry  h igh .  But t h i s  method needs  
s p e c i a l l y  b u i l t  equipment,  is  t i m e  consuming and needs  severa.1 
samples o f  t h e  same coal .  

Recent improvements i n  t h e  d e s i g n  and r e l i a b i l i t y  of 
a u t o m a t i c  Thermoanalyses i n s t r u m e n t a t i o n  makes i t  desirable t o  
r e i n v e s t i g a t e  t h i s  t e c h n i q u e  f o r  t h e  d e t e r m i n a t i o n  of " f i x e d "  
carbon i n  c o a l  t o  see i f  it would b e  p o s s i b l e  t o  adap t  t h e  
Bureau o f  P4ines carbon tes t  t o  one o f  t h e  au tomat i c  Thermoanalyses 
t e c h n i q u e s  wi th  t h e  smallest  amount of change. 

The f i r s t  sample of t h e  c o a l  i s  used  to  de te rmine  t h e  m o i s t u r e  
i n  coal by t h e  we igh t  d i f f e r e n c e  of bed f re sh  coal and a i r  d r i e d  
and h e a t e d  (105OC) coal. The a s h  c o n t e n t  o f  t h e  coal is  measured 
i n  a sgcond sample by h e a t i n g  it i n  an aerated oven f o r  1 1 / 2  h r s .  
a t  750 C and weighing t h e  remaining a sh .  The v o l a t i l e  m a t t e r  i s  
determined by h e a t i n g  a t h i r d  sample to  95OoC i n  an  enc losed  con- 
t a i n e r  f o r  7 minutes  and measuring t h e  weight  d i f f e r e n c e  occur red  
on t h e  sample d u r i n g  t h e  h e a t i n g .  The f i x e d  carbon c o n t e n t  i s  
d e r i v e d  by deduct ing  t h e  weight  of w a t e r ,  a s h  and v o l a t i l e  mat ter  
from t h e  o r i g i n a l  weight  of t h e  coa l .  

From t h e  s e v e r a l  Thermoanalysis  t echn iques  Thermogravi- 
metry s e e m s  t o  be e s p e c i a l l y  s u i t e d  t o  use  f o r  t h e  f i x e d  carbon 
tes t  as i t  can measure the we igh t  change of t h e  sample i n  d i f f e r e n t  
a tmospheres  as f u n c t i o n  of t h e  t empera tu re  as r e q u i r e d  by t h e  
Bureau of Mines t es t .  

pub l i shed  by t h e  Bureau of 

The Bureau of Mines test i s  made i n  t h e  fo l lowing  way. 
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The f i x e d  ca rbon  tes t  c o u l d  be made w i t h  t h e  h e l p  
of Thermogravimetry i n  t h e  f o l l o w i n g  way. F i r s t  t h e  sample  
i s  h e a t e d  i n  an i n e r t  g a s  a tmosphere  ( n i t r o g e n ,  he l ium)  t o  
950°C l i n e a r l y  w i t h  t empgra tu re .  
a l l y  coo led  t o  a b o u t  350 C and r e h e a t e d  up w i t h  t h e  same h e a t i n g  
r a t e  i n  an oxoidizing a tmosphere  ( a i r  o r  he l ium oxygen m i x t u r e )  
t o  abou t  800 C .  The we igh t  l o s s  o f  t h e  c o a l  r e c o r d e d  i n  t h e  
o x i d i z i n g  atmosphere i s  t h e  amount of f i x e d  ca rbon  i n  t h e  Sample. 
Water and a l l  v o l a t i l e  m a t t e r  w e r e  removed i n  t h e  r u n  i n  t h e  
i n e r t  a tmosphere ,  and a s  o n l y  ash i s  l e f t  a f t e r  t h e  r u n  i n  t h e  
oxyd iz ing  a tmosphere ,  t h e  w e i g h t l o s s  i n  t h i s  a tmosphere  i n d i c a t e s  
t h e  amount of f i x e d  ca rbon .  

u s u a l l y  used  i n  thermogravimet ry  t h e  t es t  w i l l  t a k e  a b o u t  two 
and a h a l f  hour s .  
shou ld  have l f t t l e  e f f e c t  on t h e  r e p r o d u c i b i l i t y  (1 - 3 % )  of 
Thermobalances. The advan tage  of measur ing  f i x e d  ca rbon  w i t h  
t h e  h e l p  of thermogravimet ry  i s  t h a t  t h e  t es t  can  b e  done i n . a  
v e r y  s i m i l a r  way a s  t h e  manual t e s t  b u t  a s h o r t e r  time, on a 
s i n g l e  sample,  f u l l y  a u t o m a t i c a l l y  on s t a n d a r d  i n s t r u m e n t a t i o n  
and t h e  f i x e d  amount o f  ca rbon  i s  r e c o r d e d  pe rmanen t ly  on a g raph  
pape r  o r  a p r i n t  o u t .  A t  t h e  same time a r e c o r d  i s  made of  t h e  
amount of wa te r ,o f  t h e  v o l a t i l e  matter and t h e  a sh .  

The d i s a d v a n t a g e  of thermographic  equipment a g a i n s t  . 
o t h e r  t he rmoana lys i s  i n s t r u m e n t a t i o n  i s  t h a t  it i s  d e l i c a t e  t o  
h a n d l e ,  v i b r a t i o n  s e n s i t i v e ,  r e l a t i v e l y  expens ive  and any o f f -  
coming g a s e s  a r e  d i f f i c u l t  t o  measure.  

I f  one i s  more i n t e r e s t e d  i n  measur ing  t h e  amount of  
f i x e d  ca rbon  and would l i k e  t o  do t h i s  on a more r u g g e d , s m a l l e r  
and less expens ive  i n s t r u m e n t  which might  be hand p o r t a b l e ,  Evolved 
Gas A n a l y s i s  s e e m s  t o  be t h e  b e t t e r  c h o i c e .  I n  Evolved G a s  A n a l y s i s  
i n s t e a d  of  we igh t  changes  t h e  g a s e s  e v o l v i n g  from t h e  sample  a r e  
measured. T h e r e f o r e ,  i n s t e a d  of a d e l i c a t e  and e x p e n s i v e  b a l a n c e  
mechanism, a s t u r d y ,  s m a l l  and s e n s i t i v e  a l l  g a s  d e t e c t o r  l i k e  
t h e  Thennoconduc t iv i ty  d e t e c t o r  can be used.  'Fcr s p e c i a l  g a s e s  
even h i g h e r  s e n s i t i v i t y  g a s  d e t e c t o r s  can b e  used,Gor hydrocarbons ,  f 
f lame i o n s a t i o n  d e t e c t o r s  c a p a b l e  of d e t e c t i n g  1 0  grams. And 
a s  a we igh t  change can  o n l y  occur  when g a s e s  e v o l v e ,  Evolved Gas 
Analys i s  g i v e s  p r i n c i p a l l y  t h e  same i n f o r m a t i o n  a s  Thermogravimetry.  

can be r u n  v e r y  s i m i l a r l y  as i n  Thermogravimetry by h e a t i n g  i t  
up f i r s t  i n  an i n e r t  c a r r i e r g g s  stream (he l ium,  n i t r o g e n )  t o  95OoC; 
t h e n  coo led  down t o  a b o u t  350 C and r e h e a t e d  t o  abou t  8OO0C i n  
an oxyd iz ing  atmosphere.  The f i x e d  ca rbon  which w a s  l e f t  o v e r  
from t h e  i n e r t  g a s  r u n  is  c o n v e r t e d  t o  carbon d i o x i d e  i n  t h e  oxi-  
d i z i n g  a tmosphere  and i n d i c a t e d  by t h e  t h e r m o c o n d u c t i v i t y  d e t e c t o r .  
The a r e a  under t h e  ca rbon  d i o x i d e  peak i s  measured and w i t h  t h e  
h e l p  of a c a l i b r a t i o n  run  of u l t r a p u r e  carbon c o n v e r t e d  t o  m i l l i g r a m s  

Then t h e  sample i s  au tomat i c -  

I f  one assumes a h e a t i n g  r a t e  of  15°C/min., which i s  

I n c r e a s e  i n  t h e  h e a t i n g  r a t e  t o  a b o u t  25OC/min. 

To d e t e c t  t h e  amount of f i x e d  carbon i n  c o a l  t h e  sample 

e 
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of carbon.  I f  a c a l i b r a t i o n  i s  made f o r  water and t h e  remaining 
a s h  i n  t h e  c r u c i b l e  is weighted ,  t h e n  a l s o  Evolved Gas A n a l y s i s ,  
s h o r t  EGA, can measure t h e  c o n t e n t  of water, v o l a t i l e  m a t t e r  
(by d i f f e r e n c e ) ,  f i x e d  carbon and ash  i n  c o a l .  The advantage of 
t h e  EGA method over  t h e  o t h e r  methods l i es  mainly i n  i t s  rugged- 
n e s s ,  s m a l l e r  s i z e  and l o w  c o s t .  The p r e c i s i o n  of t h e  f i x e d  
carbon d e t e r m i n a t i o n  s h o u l d  be s i m i l a r  t o  t h e  Thermogravimetric 
method. I f  it can be v e r i f i e d  t h a t  f o r  a l l  e x i s t i n g  c o a l  t h e  
carbon peak can be recognized  i n  t h e  o x i d i z i n g  atmosphere without  
removing t h e  v o l a t i l e  g a s e s  a s  it could  be done i n  t h e  samples 
which were run i n  t h i s  i n v e s t i g a t i o n ,  t h e n  t h e  EGA test f o r  t h e  
f i x e d  carbon would b e  much s i m p l e r  t h a n  any of t h e  o t h e r  mentioned 
tests. 

EGA s y s t e m s  have  been designed by t h e  a u t h o r  i n  t h e  p a s t  
and a p p l i e d  among o t h e r  f i e l d s  w i t h  a n o t h e r  i n v e s t i g a t o r  t o  t h e  
de te rmina t ion  of carbon i n  t h e  a i r b o r n e  p a r t i c u l a t e . ( 5 ) T h e  q u e s t i o n  
a r o s e  how w e l l  t h i s  method is s u i t e d  f o r  d e t e r m i n a t i o n  of f i x e d  
carbon i n  c o a l .  I n  t h e  f o l l o w i n g  t h e  f e a s i b i l i t y  of s u c h  an 
approach is being s t u d i e d  and r e p o r t e d  r e s u l t s  seem t o  encourage 
f u r t h e r  i n v e s t i g a t i o n  of t h i s  approach. 

Method: 

based on e a r l i e r  work of t h e  au thor  . 
v e s t i g a t i o n .  The weighted  sample is  f i l l e d  i n t o  a q u a r t z  c u v e t t e ,  
which i s  h e l d  i n  p l a c e  by a sample h o l d e r .  A thermocouple  measures 
i n  t h e  middle  of  an a v e r a g e  s i z e  sample t h e  tempera ture .  A p l a t i -  
num s h i e l d  p r o t e c t s  and enhances t h e  o u t p u t  of t h e  thermocouple.  
Through a smal l  h o l e  a t  t h e  t i p  of t h e  thermocouple p a s s e s  p r e -  
warmed c a r r i e r g a s  i n t o  sample t a k i n g  w i t h  it any evolving g a s e s  
t o  t h e  d e t e c t o r .  The shown p o r t i o n  of t h e  EGA head i s  hea ted  by 
a surrounding oven l i n e a r l y  w i t h  tempera ture .  

c r e a t i n g  a very s i m i l a r  chemica l  and p h y s i c a l  environment for 
each  sample and t o  be a d a p t a b l e  t o  many d i f f e r e n t  samples ,  t h e  
EGA d e s i g n  has t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

I n  t h e  f o l l o w i n g  an improy?$i EGA system is described 

Figure 1 shows t h e  b a s i c  EGA d e s i g n  used i n  t h i s  i n -  

TO a c h i e v e  h i g h  s e n s i t i v i t y  and r e p r o d u c i b i l i t y  by 

(1) Uniformi ty  of tempera ture  a t  t h e  sample ( l0C) 
( 2 )  The free s p a c e  i n  t h e  sample chamber and t h e  

connec t ing  tub ing  t o  t h e  d e t e c t o r  a r e a  as 
s m a l l  as p o s s i b l e  t o  a l l o w  l e a s t  d i l u t i o n ,  
h i g h e s t  s e n s i t i v i t y  and f a s t e s t  response .  

( 3 )  The c a r r i e r  g a s  i s  prehea ted  t o  t h e  sample 
t e m p e r a t u r e .  

( 4 )  The c a r r i e r  g a s  flows through t h e  sample powder. 
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( 5 )  The sample t empera tu re  i s  measured i n  t h e  
sample. t (6) Any c o l d  s p o t s  a r e  avoided. 

(7) The p r e s s u r e  can be changed from !9-6 mm Hg 
t o  500 p s i .  

( 8 )  The Semperature range is from -1OOOC t o  
1200 c. 

( 9 )  D i f f e r e n t i a l  Thermal Ana lys i s  set  up is a l s o  
a v a i l a b l e  i n  t h e  EGA head. 

Incone l  600. 
( 1 0 )  The u n i t  i s  made from chemical ly  i n e r t  

The complete schemat ic  of t h e  EGA system i s  shown i n  
F igu re  2 .  

\ 

I The c a r r i e r  g a s  i s  s u p p l i e d  by high p u r i t y  g a s  t anks  
1 ( i m p u r i t i e s  2 ppm) and is  p r e s s u r e  r e g u l a t e d  and i f  necessary-, 

mixed i n  a s p e c i a l  tee w i t h  oxygen, b e f o r e  it e n t e r s  t h e  r e f e r e n c e  
s i d e  o f  t h e  the rmoconduc t iv i ty  ce l l ,  from where i t  f lows  i n t o  t h e  
EGA head, where i t  is f i r s t  prewarmed i n  t h e  forechamber t o  t h e  
sample t empera tu re .  From t h e r e ,  t h e  c a r r i e r  gas  flows through 
t h e  sample, where it takes any offcoming gas  from t h e  sample 
through a sma l l  a n n u l a r  space  between t h e  forechamber and t h e  
s e a l i n g  tube t o  t h e  sample s i d e  of t h e  thermoconduct iv i ty  de- 
t e c t o r ,  where any unbalance i n  t h e  s e n s i n g  b r i d g e  c r e a t e d  by t h e  
evolved gases  i s  i n d i c a t e d  by a r e c o r d e r ,  which a l s o  i n d i c a t e s  
w i t h  a second pen t h e  sample t empera tu re  and w i t h  the h e l p  of a 
d i s c  i n t e g r a t o r  t h e  a r e a  under t h e  g a s  peak. 

\ 

A s  t h e  thermoconduct iv i ty  d e t e c t o r  does n o t  a l t e r  i n  
any way t h e  offcoming g a s e s ,  they can be i n j e c t e d  f o r  f u r t h e r  
s tudy  with a gas  sample v a l v e  i n t o  a gas  chromatograph, where 
t h e  offcoming peaks can be s e p a r a t e d  and i d e n t i f i e d .  F u r t h e r  
i d e n t i f i c a t i o n  can be made by mass spec t romet ry  or o t h e r  de- 
t e c t o r s  f o r  s p e c i f i c  g a s e s .  

l i n e a r l y  with t empera tu re  by a t empera tu re  programmer. The 
thermoconduct iv i ty  d e t e c t o r  i s  l o c a t e d  on t h e  t o p  of t h e  fu rnace  
n e x t  t o  t h e  EGA head t o  avo id  c o l d  s p o t s  and a l low immediate de- 
t e c t i o n  of offcoming gases .  

d i f f e r e n t  atmospheres and h e a t i n g  r a t e s  w i t h  no sample i n  t h e  EGA 
head w e r e  ob ta ined .  N o  s i g n i f i c a n t  d e v i a t i o n  could be observed  
( 2 % )  i n  t h e  ranges used f o r  t h e  c o a l  samples.  The b i m e t a l l i c  
tempeyature c o n t r o l l e r  f o r  t h e  Thermoconductivity c e l l  c r e a t e s  a 
sma l l  j u s t  v i s i b l e  s inuous  d e v i a t i o n  of t h e  b a s e l i n e .  
t h e  very ho t  offcoming c a r r i e r g a s  i s  i n  t h e  h e a t  exchanger c o i l  
no t  more p rope r ly  cooled down t o  t h e  T/C t empera tu re  r ange  and 
c r e a t e s  a downward imbalance i n  t h e  thermoconduct iv i ty  cell.  A 

The EGA-head is l o c a t e d  i n  a fu rnace  which i s  hea ted  

I n  o r d e r  t o  c a l i b r a t e  t h e  system, f i r s t  b a s e l i n e s  i n  

Over 8OO0C 
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l onge r  and b e t t e r  t empera tu re  s t a b i l i z e d  coal would ex tend  
c o n s i d e r a b l y  t h e  u s e f u l  r ange  o f  t h e  t empera tu re .  

2 mgr o f  u l t r a p u r e  s p e c t r o g r a p h i c  g r a d e  carbon ( 0 . 0 0 0 1 % )  was 
f i l l e d  i n t o  t h e  q u a r t z  c u v e t t e  of the.EGA head and t h e  area under 
t h e  peak determined as f i g u r e  #3 shows.. T h i s  r u n  was as t h e  fo l low-  
i n g  r u n s  ob ta ined  under  t h e  fo l lowing  c o n d i t i o n s :  Heating r a t e  
10 C/min., paper  advance 6"/hour,  hel ium g a s  f low 20cc/min., 
oxy8en g a s  f low lOcc/min., Thermoconduct ivi ty  d e t e c t o r  140 m A ,  
150 C ,  s e n s i t i v i t y  4 ,  f u l l s c a l e  on r e c o r d e r  2 mV. The b l u e  l i n e  
across t h e  diagram i n d i c a t e s  t h e  sample t empera tu re ,  t h e  red l i n e  
t h e  offcoming g a s  and t h e  d i s c  i n t e g r a t o r  trace t h e  a r e a  under  
t h e  peak. One can see t h a t  t h e  C02 comes o f f  around 76OoC and 
t h a t  t h e  a r e a  underneath t h e  peak co r re sponds  t o  9 4  squares  p e r  
m i l l i g r a m  carbon. 

t u r e  of t h e  carbon peak depends s t r o n g l y  on  t h e  p re sence  of c e r t a i n  
c a t a l y s t s ,  some of which occur l i k e  i r o n ,  i n  i t s  many forms, i n  
r e l a t i v e  large c o n c e n t r a t i o n s  i n  coal .  
downward s h i f t s  of t h e  ca rbon  peak i n  t h e  o r d e r  300 t o  400 C.  
T h e r e f o r e ,  t h e  ca rbon  peak i n  coal may be expected i n  t h e  tempera- 
t u r e  r ange  of 450 and 60OoC. 

The nex t  t h r e e  f i g u r e s  show t y p i c a l  EGA diagrams of c o a l  
powder. I n  f i g u r e  4 ,  5 m i l l i g r a m s  o f  coal powder from t h e  Mary 
L e e  seam i n  P.labama was r u n  i n  a hel ium oxygen,atmosphere from 
room tempera tu re  t o  900 C. 
fol lowed by a shou lde r  a t  4OO0C and a s h a r p  peak a t  470 C ,  which 
seems t o  b e  located on a lower b roade r  peak as i n d i c a t e d  by t h e  
dashed l i n e .  Th i s  peak c a n . b e  i d e n t i f i e d  as coming from t h e  ca rbon  
of t h e  c o a l  by t h e  f o l l o w i n g  method which a l so  a l lows  t o  measure 
t h e  a r e a  under t h e  peak. F i r s t  t h e  v o l a t i l e  matter of t h e  c o a l  
sample (broad  peak) i s  removed by h e a t i n g  t h e  sample i n  a p u r e  
helium atmosphere a s  s e e n  i n  &he nex t  F i g u r e  5.  
t race shows a shoulde6 a t  200 C a peak around 500 C a s h o u l d e r  a t  
725 and a peak a t  770  C w i t h o u t  r e tugn ing  t o  z e r o  a t  t he  end o f  
t h e  r u n  ( 9 0 0  ) .  The peak around 500 C i s  m o s t  probably due  t o  
ca rbon  w i t h  the  oxygen d e r i v e d  from decomposing material. The area 
of t h i s  peak i n d i c a t e s  a smaller amount of carbon than  a similar 
a r e a  i n  t h e  l a s t  f i g u r e  as t h e  ca r r i e r  g a s  f low is  reduced i n  t h i s  
r u n  by t h e  amount of oxygen p r e s e n t  i n  t h e  ea r l i e r  r u n  and a l l  
evolved g a s e s  appea r  t h e r e f o r e  i n  h i g h e r  c o n c e n t r a t i o n  ( 6 6 % ) .  

In  F igu re  #6 t h e  remaining sample from t h e  r u n  shown i n  
F i g u r e  # 5  i s  r e h e a t e d  i n  a helium-oxyggn atmosphgre.  The diagram 
shows a decb in ing  b a s e l i n e  between 300 C a n d - 6 0 0  C and a s i n g l e  
peak a t  490 C. AS t h e  offcoming g a s  f o r  t h i s  peak and a l l  t h e  
o t h e r  peaks  around 5OO0C i s  C 0 2  t h e y  are due  t o  t h e  carbon i n  t h e  
coal .  I f  one compares t h e  a r e a s  of t h e  carbon peaks  i n  t h e s e  t h r e e  

To measure t h e  amount of c a r b o n ' i n  t h e  coal samples 

I n  a n o t h e r  i n ~ e s t i g a t i o n ' ~ )  i t  w a s  found t h a t  t h e  tempera- 

These c a t a l y s t s  mag cause  

0 F i r s t  a n e g a t i v e  peak occurg  a t  270°C 

!&he evolved g a s  
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runs  one f i n d s  t h a t  t h e  a r e a  of  t h e  carbon peak i n  t h i s  r u n  

run  b e f o r e  r e s u l t  i n  t h e  a r e a  of t h e  carbon peak i n  t h e  f i r s t  
run (F igu re  # 4 ) .  Using t h e  c a l i b r a t i o n  run w i t h  u l t r a p u r e  
carbon ( F i g u r e  # 3 )  one can now f i n d  t h e  weight  of t h e  f i x e d  
carbon i n  t h e  c o a l  sample and c a l c u l a t e  t h e  pe rcen tage  of c a r -  
bon i n  c o a l .  

and a f t e r  each run  weighted i n  a Cahn Micro ba lance .  I n  t h i s  way 
acco rd ing  t o  t h e  s t a n d a r d  method, t h e  amount of  f i x e d  carbon 
could be determined by s u b t r a c t i n g  t h e  weight  of  t h e  v o l a t i l e  
m a t t e r  ( i n c l u d i n g  t h e  wa te r )  and t h e  weight  of t h e  a sh  from t h e  
o r i g i n a l  weight of c o a l .  

t h e  l a s t  F igu re  (#7). 

samples i s  shown f i r s t  a s  de te rmined  by t h e  EGA method and then  
by t h e  s t a n d a r d  method u s i n g  weight  d i f f e r e n c e .  One can  see t h a t  
t h e  r e s u l t s  of t h e s e  two methods a r e  very c l o s e  i n  s p i t e  of q u i t e  
varying f i x e d  carbon c o n t e n t  i n  t h e  c o a l .  Also,  on  t h e  diagram 
i s  t h e  amount of v o l a t i l e  m a t t e r  and a s h  i n d i c a t e d .  One can see 
h e r e  on t h e  o t h e r  hand t h a t  t h e  a r e a s  de te rmined  by EGA c o r r e s -  
ponding t o  t h e  v o l a t i l e  matter do n o t  compare w e l l  t o  t h e i r  
measured weight l o s s .  This  i s  easy t o  unde r s t and  because  t h e  
thermoconduct iv i ty  of each of  t h e  offcoming g a s e s  i s  d i f f e r e n t  
and causes  wide v a r i a t i o n s  i n  t h e  weight  of  t h e  v o l a t i l e  a r e a  
c a l c u l a t e d  from t h e  a r e a .  

run was made co r re spond ing ly  is Heliug a l o n e ,  i n  H e l i u m  Oxygen 
a f t e r  t h e  H e l i u m  r u n ,  i n  H e l i u m  Oxygen w i t h  a f r e s h  sample. 

t h e  EGA method(as  measured on f o u r  a c t u a l  samples)  compares 
f avorab ly  w i t h  t h e  s t a n d a r d  manual weight  d i f f e r e n c e  method 
a s  publ ished by t h e  Bureau o f  Mines i n  measuring t h e  amount o f  
f i x e d  carbon i n  c o a l .  As t h e  EGA method is much f a s t e r ,  r e q u i r e s  
on ly  one very sma l l  sample ( l a r g e r  samples can  b e  e a s i l y  handled)  
is  f u l l y  f u l l  au tomat i c  (no a t t e n d a n c e ) ,  t h e  whole in s t rumen t  
probably can be made hand p o r t a b l e  and t h e  s t r o n g  p o s s i b i l i t y  
e x i s t s  t h a t  o n l y  one r u n  i s  necessa ry ;  t h e r e f o r e ,  f u r t h e r  s tudy  
of t h i s  approach on a much l a r g e r  s c a l e  i s  sugges t ed .  

\ (F igu re  # 6 )  and t h e  c o r r e c t e d  a r e a  of t h e  carbon peak i n  t h e  

To check t h e  above c a l c u l a t i o n s  each sample was b e f o r e  

The r e s u l t s  from f o u r  d i f f e r e n t  samples are shown i n  

I n  t h i s  t a b l e  t h e  amount of f i x e d  carbon i n  t h e  f o u r  

The c a p i t a l  l e t t e S H  , 0 ,  H + 0 ,  i n d i c a t e  t h a t  t h e  

I n  summary t h e  p r e s e n t  i n v e s t i g a t i o n  i n d i c a t e s  t h a t  

>> 
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E G A  Samplechamber  1970 

FIGURE 1 
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USE O F  LIMESTONE - WET SCRUBBING FOR REDUCTION OF SULFUR OXIDE EMISSION 

FROM PONER PLANTS- FACILITIES A N D  PROGRAM FOR PROmXE-SCALE TESTING 

BY 

H. W. Elder  
Tennessee Val ley Au thor i ty  

Muscle Shoals,  Alabama 

E. L. P l y l e r  
Environment a1 P r o t e c t  i o n  Agency 

Durham, North Caro l ina  

Inc reas ing  worldwide concern about t h e  q u a l i t y  of o u r  environ- 
ment h a s  spu r red  r e s e a r c h  and development a c t i v i t y  on a l l  phases  o f  
p o l l u t i o n  c o n t r o l .  Much i n t e r e s t  h a s  been generated i n  improving t h e  
q u a l i t y  of air  by r educ ing  t h e  amount of d u s t  and o b j e c t i o n a b l e  gases  
emitted from i n d u s t r i e s  that  d i scha rge  gaseous e f f l u e n t s  and p a r t i c u l a t e s .  
The u t i l i t y  i n d u s t r y  is one of t h e  major areas where a t t e n t i o n  t o  t h e  
problem i s  be ing  accelerated. 

A t  p r e s e n t ,  m o s t  of t h e  e l e c t r i c i t y  gene ra t ed  i n  t h i s  country 
i s  based on combustion of fo s s i l  f u e l s .  Power p roduc t ion  i n  hydro p l a n t s  
is i d e a l  from an a i r  q u a l i t y  p o i n t  of view, but ,  u n f o r t u n a t e l y ,  t h e  
a v a i l a b l e  sites fo r  t h i s  t y p e  p l a n t  have been n e a r l y  exhausted. Produc- 
t i o n  of power f r o m  n u c l e a r  gene ra t ion  p l a n t s  seems l i k e l y  t o  i n c r e a s e  a t  
a r ap id  rate i n  t h e  immediate fu tu re .  However, t h e  inc reas ing  demand 
f o r  e l e c t r i c i t y  w i l l  r e q u i r e  cont inued use  of fossil  coal-and o i l - f i r e d  
plants fo r  t h e  f o r e s e e a b l e  f u t u r e .  

I n  t h e  n a t u r a l  process that  c o n v e r t s  o r g a n i c  ma t t e r  i n t o  
m a t e r i a l s  s u i t a b l e  f o r  u s e  a s  f u e l ,  su l fu r -bea r ing  compounds are formed 
a long  wi th  t h e  carbonaceous material. Combustion of t h e  f u e l  r e s u l t s  i n  
formation of s u l f u r  oxides; reduct ion of s u l f u r  ox ide  emission from 
combustion sources  is one of t h e  major o b j e c t i v e s  of t h e  p o l l u t i o n  con t ro l  
e f f o r t .  Removal of s u l f u r  p r i o r  to  combustion would be  i d e a l  because 
t h e  f u e l  could be  p rocessed  i n  high volume be fo re  d i s t r i b u t i o n .  However, 
with t h e  except ion of n a t u r a l  gas ,  which can  be d e s u l f u r i z e d  by prov n 
methods, r educ t ion  of s u l f u r  i n  f u e l s  t o  a c c e p t a b l e  l e v e l s  does not  appear 
t o  be economically f e a s i b l e  a t  p re sen t .  Development of technology f o r  
removal of  s u l f u r  from s t a c k  gases  s e e m s  t o  be the most expedient  approach 
t o  c o n t r o l  of s u l f u r  d i o x i d e  emission. 

Many d i f f e r e n t  p rocesses  fo r  recovery of s u l f u r  d iox ide  have 
been proposed and development work i s  being carried ou t  on a v a r i e t y  of 
types, The process t h a t  has  attracted the greatest i n t e r e s t ,  because of 
i t 5  r e l a t i v e  s i m p l i c i t y ,  is abso rp t ion  by l imestone i n  a s l u r r y  scrubbing 
P r m e s s .  
low-value absorbent  c a n  be d i sca rded .  

Th i s  p r o c e s s  does  not  depend on marketing a byproduct;  t h e  



Limestone - w e t  scrubbing can b e  used i n  tao ways ,  e i t h e r  by 
i n j e c t i n g  l imestone i n t o  t h e  power p l a n t  boiler and c o l l e c t i n g  t h e  
c a l c i n e d  l i m e  i n  t h e  scrubber  or by in t roducing  l imes tone  d i r e c t l y  i n t o  
t h e  scrubber  c i r c u i t .  In an PA-funded p r o j e c t ,  TVA i s  c a r r y i n g  o u t  
f u l l - s c a l e  s t u d i e s  of d r y  s u l f u r  d i o x i d e  s o r p t i o n  by l imestone i n j e c t i o n  
i n t o  a c o a l - f i r e d  140-mw u n i t  at  t h e  Shawnee s t a t i o n .  This  program i s  
being expanded t o  i n c l u d e  a s tudy  of t h e  w e t  scrubbing method. 

The Bechtel  Corporat ion prepared  a pre l iminary  engineer ing 
s tudy of a test f a c i l i t y  f o r  l ime-limestone scrubbing under a c o n t r a c t  
wi th  P A .  As a c o n t i n u a t i o n  of t h i s  effort, Bechtel  is p a r t i c i p a t i n g  i n  
t h e  program t o  f u l l y  c h a r a c t e r i z e  the l imestone - w e t  scrubbing process .  
EPA is  funding t h e  p r o j e c t  and providing t e c h n i c a l  and a d m i n i s t r a t i v e  
d i r e c t i o n ,  Bechtel  has  primary t e c h n i c a l  r e s p o n s i b i l i t y  f o r  des ign  of t h e  
f a c i l i t y  and t h e  test program, and TVA is  c o n s t r u c t i n g  and w i l l  o p e r a t e  
t h e  test f a c i l i t y .  The test program w i l l  be d i r e c t e d  by a t e c h n i c a l  team 
comprised of r e p r e s e n t a t i v e s  from each group. 

Design i s  complete and c o n s t r u c t i o n  is  scheduled for completion 
by January 1972. The o v e r a l l  project c o s t  w i l l  approach $10 m i l l i o n .  

Program Goals 

The purpose of t h e  p r o j e c t  i s  t o  e v a l u a t e  t h e  f e a s i b i l i t y ,  
e f f e c t i v e n e s s ,  and economics of  l imestone - w e t  scrubbing.  The test 
program has  as i t s  primary o b j e c t i v e  t h e  development and demonstrat ion of  
a closed-loop l imestone scrubbing process. Both i n j e c t i o n  i n t o  t h e  boiler 
and a d d i t i o n  d i r e c t l y  t o  t h e  scrubber  c i r c u i t  w i l l  be eva lua ted .  Follow- 
ing  a r e  t h e  major goa ls  o f  t h e  s tudy:  

\ 
1. 
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2. 

3. 

I n v e s t i g a t e  process chemistry and k i n e t i c .  The test  program 
w i l l  be developed and conducted t o  provide  for de termina t ion  of 
t h e  chemistry and k i n e t i c s  of t h e  v a r i o u s  p r o c e s s  s teps .  T h i s  
i s  needed t o  both expla in  end so lve  opera t ing  problems and t o  
al low s a f e  e x t r a p o l a t i o n  of process  behavior  beyond a c t u a l  test 
condi t ions .  Di f fe rences  i n  process  chemis t ry  due t o  changes 
such as v a r i a t i o n s  i n  o p e r a t i n g  c o n d i t i o n s  and r e a c t a n t  compo- 
s i t i o n  w i l l  be  inves t iga ted .  

Develop information f o r  p r o c e s s  opt imiza t ion  and scale-up. 
The test program w i l l  p rovide  f o r  development of reliable 
process  models which d e s c r i b e  t h e  form and magnitude of responses  
t o  a l l  important v a r i a b l e s ,  This model should p r e d i c t  optimum 
process  des igns  f o r  d i f f e r e n t  p r o c e s s  s i z e s ,  modes of o p e r a t i o n ,  
and s i te  r e s t r a i n t s .  

I n v e s t i g a t e  and s o l v e  mechanical des ign  and o p e r a t i n g  problems. 
Sca l ing ,  g a s  d i s t r i b u t i o n ,  c o r r o s i o n ,  e r o s i o n ,  and o t h e r  f a c t o r s  
t h a t  a r e  r e l a t e d  t o  mechanical des ign  w i l l  be  eva lua ted .  
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4. Study w a s t e  d i s p o s a l .  The q u a n t i t y  and q u a l i t y  of  l i q u i d  and 
s o l i d  wastes produced by t h e  p rocess  w i l l  be determined. Trea t -  
ment o r  d i s p o s a l  methods t o  avoid excess ive  water p o l l u t i o n  w i l l  
b e  i d e n t i f i e d .  

5 .  Determine plume r e h e a t  requirement. The r equ i r ed  degree of 
plume r e h e a t  to ensu re  l o c a l i z e d  a i r  q u a l i t y  w i l l  be s tud ied .  

6. Define economics. The t e s t  program w i l l  p rov ide  s u i t a b l e  
ope ra t ing  cost d a t a  and estimates of capi ta l  requirement t o  
q u a n t i f y  economics f o r  va r ious  s i z e  and s i te  r e s t r a i n t s .  

7. Conduct lono-term ope ra t ion .  The r e l i a b i l i t y  of t h e  p rocess  
w i l l  be demonstrated by a p e r i o d  of long-term ope ra t ion  under 
normal o p e r a t i n g  cond i t ions .  

Process Desc r ip t ion  

T V A ,  under  an agreement wi th  EPA, conducted a conceptual  des ign  
s tudy  of t h e  l imes tone  scrubbing process ;  t h e  r e p o r t  of t h i s  work (1) 
summarized the s t a t u s  of p rocess  developments. 

The use  of l imes tone  o r  l i m e  as an absorbent  f o r  s u l f u r  oxides 
has  been s t u d i e d  ove r  a n  extended period. Most of  t h e  work has  been 
saal l -scale ,  b u t  some p i lo t  p l a n t  and p l a n t  tests have been made. In t ro -  
duc t ion  of t h e  abso rben t  d i r e c t l y  i n t o  t h e  scrubber  system d a t e s  back 
t o  t h e  e a r l y  1930 ' s  when r e sea rch  programs w e r e  c a r r i e d  out  i n  England; 
a closed-loop system u t i l i ~ i n g  l i m e  o r  c h a l k  as t h e  r e a c t a n t  was 
ope ra t ed  commercially. f h c  t w o  steps of t h e  in j ec t ion - sc rubb ing  method 
w e r e  f i r s t  s t u d i e d  i n  a combined p rocess  by Combustion Engineer ing,  Inc .  
Th i s  work l e d  t o  i n s t a l l a t i o n  of scrubbing systems on two f u l l - s c a l e  
gene ra t ing  u n i t s .  The conc lus ion  indicated by the pr ior  work is t h a t  
limestone scrubbing i s  a feasible method for c o n t r o l l i n g  s u l f u r  d iox ide  
emission from power p l a n t s .  However, s e v e r a l  major p r o c e s s  and opera t ing  
problems were i d e n t i f i e d  t h a t  m u s t  be r e so lved  to  e s t a b l i s h  eff i c jency  
and re1 i a b i l i t  y .  

I n  t h e  Shawnee program, t h r e e  p a r a l l e l  s c rubbe r s  w i l l  be t e s t e d  
s imultaneously t o  expsd j  te eva lua t ion  of va r ious  scrubber  types. A flow- 
s h e e t  f o r  one of t h e  systems is shown i n  F igu re  1. Cas w i l l  be withdrawn 
from t h e  b o i l e r  ahead of t h e  p a r t i c u l a t e  removal equipment so t h a t  t h e  
e n t r a i n e d  d u s t ,  i n c l u d i n g  l j m e  dur ing  in j ec t ion - sc rubb ing  tests,  can be 
int roduced i n t o  t h e  sc rubbe r .  Analysis of t h e  g a s  for s u l f u r  d iox ide ,  
oxygen, and carbon d i o x i d e  w i l l  b e  made cont inuously by in s t rumen ta l  
methods. Dust l oad ing  w i l l  be determined i n t e r m i t t e n t l y .  Gas f low rate 
to each scrubber  w i l l  be measured by ven tu r i  f low tubes  and c o n t r o l l e d  by 
dampers on induced-d ra f t  fans. The concen t r a t ion  of s u l f u r  d iox ide  i n  t h e  
o u t l e t  g a s  w i l l  be determined cont inuously.  The e f f i c i e n c y  of t h e  process 
f o r  removal or  n i t r o g e n  oxides  a l s o  w i l l  be  determined by p e r i o d i c  checks 
of i n l e t  and o u t l e t  concen t r a t ion .  
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\ 
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Guench sp rays  w i l l  be i n s t a l l e d  a t  t h e  i n l e t  of each scrubber  
t o  c o o l  t h e  gas  p r i o r  t o  c o n t a c t  with t h e  scrubbing s l u r r y .  
w i l l  be i n s t a l l e d  t o  minimize s o l i d s  depos i t i on  a t  each scrubber i n l e t .  
Experimental work by TVA has  i n d i c a t e d  t h a t  gas  coo l ing  may be necessary 
t o  prevent s t r i p p i n g  of absorbed but unreacted s u l f u r  d i o x i d e  from t h e  
s l u r r y ,  

Soot blowers 

Variables  t h a t  a f f e c t  t h e  r a t e  of gas - l iqu id  mass t r a n s f e r  and 
p a r t i c u l a t e  removal e f f i c i e n c y  i n  t h e  scrubber  will be s t u d i e d  so t h a t  
opt imi7at ion of t h e  dua l  func t ion  can b e  e s t a b l i s h e d .  The e f f i c i e n t  
removal of s u l f u r  d iox ide  a t  a p r a c t i c a l  r e c i r c u l a t i o n  r a t e  depends on 
an adequate l imestone d i s s o l u t i o n  r a t e  i n  t h e  scrubber;  f a c t o r s  t h a t  
e f f e c t  d i s s o l u t i o n  ( s l u r r y  holdup, l imestone p a r t i c l e  s i z e ,  s to i ch iomet ry ,  
s l u r r y  s o l i d s  c o n t e n t )  w i l l  b e  evaluated.  M i s t  e l imina t ion  t o  prevent 
excessive s o l i d s  carryover  by s l u r r y  entrainment w i l l  be s tud ied .  
t h e  r e h e a t  requirement i s  a f f e c t e d  by water entrainment.  

Also, 

The system w i l l  be equipped with o i l - f i r e d  r e h e a t e r s  t o  
inc rease  t h e  temperature  of  t h e  ex i t  gas.  
be cooled t o  i t s  wet-bulb temperature  and r ehea t  t h e r e f o r e  w i l l  be 
necessary t o  r e s t o r e  plume buoyancy f o r  good d i spe r s ion .  The A i r  Qua l i ty  
Branch (Divis ion of Environmental Research and Development) of TVA, which 
has  done ex tens ive  work i n  plume d i s p e r s i o n  modeling ( z ) ,  w i l l  a s s i s t  
with eva lua t ion  of t h e  e x t e n t  of  r ehea t  required.  The exhaust  gas  from 
each scrubber system w i l l  be discharged through a s e p a r a t e  s t ack .  

I n  t h e  scrubber ,  the  gas w i l l  

Although l imestone scrubbing is a r e l a t i v e l y  simple process ,  
t h e  process  chemistry is complicated by so lub le  compounds from t h e  c o a l  
ash,  by low s o l u b i l i t y  of t h e  absorbent and r e a c t i o n  products ,  and by 
supe r sa tu ra t ion  tendency o f  t h e  calcium-sulfur  compounds. The Radian 
Corporation has developed a computer program t o  p reduc t  t h e  composition 
of l i q u i d  and s o l i d  phases i n  t h e  system a t  equ i l ib r ium c o n d i t i o n s ;  t h i s  
work has  been u s e f u l  i n  p r e d i c t i n g  boundary cond i t ions .  However, t h e  
a c t u a l  s t e a d y - s t a t e  cond i t ions  depend on r a t e s ,  and k i n e t i c  d a t a  a r e  
sca rce .  Experimental r e s u l t s  have shown t h a t  t h e  s l u r r y  discharged from 
t h e  scrubber  has  no t  reached equi l ibr ium. Therefore ,  it is necessary t o  
provide r e s idence  time o u t s i d e  t h e  scrubber  i n  o r d e r  f o r  absorbed s u l f u r  
dioxide t o  r e a c t  with calcium, which must be brought i n t o  s o l u t i o n ,  and 
t o  p r e c i p i t a t e  s u p e r s a t u r a t e d  calcium salts formed i n  t h e  scrubber .  
The system i s  h igh ly  s e n s i t i v e  t o  pH and the  method of absorbent  
a d d i t i o n  i s  important.  
r e s idence  time can be va r i ed .  
r e c i r c u l a t e d  t o  provide a source of calcium f o r  r e a c t i o n  i n  t h e  scrubber  
and t o  fu rn i sh  seed c r y s t a l s  f o r  d i s s i p a t i o n  of supe r sa tu ra t ion .  
hea t  exchanger w i l l  be provided i n  t h e  s l u r r y  system so t h a t  t h e  e f f e c t  
of s l u r r y  temperature on s u l f u r  d iox ide  absorpt ion e f f i c i e n c y  can be 
s tud ied ;  r i v e r  water w i l l  be t h e  coo l ing  medium. A sidestream w i l l  be 
withdrawn f o r  s e p a r a t i o n  of r e a c t i o n  products .  

A hold tank w i l l  be provided i n  which t h e  
A major p o r t i o n  of t h e  s l u r r y  w i l l  be  

A 
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The method f o r  s e p a r a t i n g  product  solids from t h e  r e c i r c u -  
l a t i n g  s l u r r y  i n  l a r g e - s c a l e  a p p l i c a t i o n  of  t h e  process  w i l l  depend 
l a r g e l y  on the real e s t a t e  a v a i l a b l e  and proximi ty  o f  d i s p o s a l  a r e a s  t o  
t h e  power p l a n t .  The test f a c i l i t y  w i l l  b e  provided wi th  t h i c k e n e r s  t o  
c o n c e n t r a t e  the  s o l i d s  e i t h e r  fo r  f u r t h e r  dewater ing i n  a f i l t e r  or 
c e n t r i f u g e  or for t r a n s p o r t  t o  t h e  pond. A f i l t e r  and a c e n t r i f u g e  
w i l l  be i n s t a l l e d  t o  s tudy  s o l i d s - l i q u i d  s e p a r a t i o n  problems. In  some 
p o t e n t i a l  a p p l i c a t i o n s  of t h e  p r o c e s s ,  s o l i d s  d i s p o s a l  may have t o  be 
accomplished by t r a n s p o r t  of dewatered s o l i d s  t o  r e l a t i v e l y  remote 
l o c a t i o n s  by t r u c k ,  r a i l ,  or barge  shipment. As an a l t e r n a t i v e ,  t h e  
solids may be d i s c a r d e d  by d ischarge  of t h e  s ides t ream from t h e  s l u r r y  
e f f l u e n t  hold t a n k  d i r e c t l y  t o  a pond where s e t t l i n g  w i l l  o c c u r  
( h o p e f u l l y ) .  P i l o t  p l a n t  s t u d i e s  by  TVA have i a d i c a t e d  t h a t  s e t t l i n g  
may be hindered by format ion  of p l a t e - l i k e  c r y s t a l s  of calcium s u l f i t e .  

I n  a l l  modes, t h e  l i q u i d  phase w i l l  be r e t u r n e d  t o  t h e  scrubber  
SO t h a t  c losed-loop o p e r a t i o n  w i l l  be  effected. The s o l i d s  c o n t e n t  of  
t h e  scrubber  r e c y c l e  stream w i l l  b e  c o n t r o l l e d  by blending of  p r o c e s s  
streams; a rad ia t ion- type  d e n s i t y  measuring d e v i c e  w i l l  be u t i l i p e d .  

The q u a l i t y  of w a t e r  a s s o c i a t e d  wi th  s o l i d s  d ischarged  t o  t h e  
pond w i l l  be  eva lua ted  t o  assess p o t e n t i a l  degrada t ion  i n  water  q u a l i t y  
a s  a r e s u l t  of seepage or overflow. 

Equipment S e l e c t i o n  

The e x i s t i n g  f a c i l i t i e s  i n s t a l l e d  to s tudy t h e  d r y  i n j e c t i o n  
method include:  

1. Limestone-receiving hopper. 

2. B e l t  conveyor and s u r g e  tank. 

3. O i l - f i r e d  r o t a r y  d r y e r .  

4. Dry b a l l  m i l l .  

5 .  Mechanical c l a s s i f i e r .  

6. Pylver i7ed-s tone  s t o r a g e  si lo.  

7. Feed t a n k  on load  cel ls .  

8 .  Pneumatic t r a n s f e r  and i n j e c t i o n  system. 

T h i s  equipment w i l l  be used  dur ing  tests of  in jec t ion-scrubbing .  
r e c e i v i n g  and g r i n d i n g  f a c i l i t i e s  w i l l  be  used t o  supply p u l v e r i r e d  
absorbent  f o r  direct a d d i t i o n  t o  t h e  scrubber c i r c u i t .  

The 

The equipment s e l e c t e d  f o r  wet scrubbing was sited f o r  minimum 
c o s t  c o n s i s t e n t  with a b i l i t y  t o  e x t r a p o l a t e  r e s u l t s  t o  commercial u n i t s ;  
30,000 a c f  per sc rubber  t r a i n  was judged to meet t h e s e  requirements .  
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The equipment arrangement f o r  t h e  tes t  f a c i l i t y  is s h w n  i n  F igure  2 .  
For r e s i s t a n c e  to  cor ros ion ,  p a r t i c u l a r l y  dur ing  u p s e t  c o n d i t i o n s ,  it 
w a s  decided t h a t  equipment should be rubber - l ined  m i l d  s t e e l .  I n  the 
fo l lowing  d isucss ion ,  i t  may be  assumed t h a t  rubber l i n i n g  i s  used 
except  where noted. 

Ihe s e l e c t i o n  of sc rubbers  t o  be t e s t e d  w a s  one of t h e  b a s i c  
cr i ter ia  f o r  demonstration of  t h e  process; t h e s e  devices  should remove 
both p a r t i c u l a t e s  and s u l f u r  d ioxide  with h igh  e f f i c i e n c y .  P a r t i c u l a t e  
removal should be on t h e  order  of -9% ( i t  i s  assumed t h a t  p a r t i c u l a t e  
must be removed t o  a l e v e l  of  0.@2 g r a i n / f t 3  o r  lower t o  g i v e  a c l e a r  
s t a c k )  and s u l f u r  d ioxide  removal should be b e t t e r  than  85%. The 
scrubber should a l s o  e f f e c t i v e l y  d i s s o l v e  calcium oxide  o r  ca lc ium 
carbonate .  Basic scrubber  c h a r a c t e r i s t i c s  w e r e  cons idered  i n  s e l e c t i o n  
of types ,  bu t  l a c k  of a v a i l a b l e  experimental  d a t a  prevented a q u a n t i t a -  
t i v e  eva lua t ion  of p r e d i c t e d  performance. One of t h e  primary f u n c t i o n s  
of t h e  test program w i l l  be t h e  development of such da ta .  
mechanical performance of t h e  scrubbers  was a l s o  a f a c t o r  i n  t h e  choice ;  
two major a r e a s  of concern are t h e  bui ldup of s o l i d s  on s u r f a c e s  where 
h o t  g a s  f i rs t  c o n t a c t s  t h e  scrubbing s o l u t i o n  and t h e  plugging of gas-  
l i q u i d  contac t  zones. 
turndown c a p a b i l i t y ,  a b i l i t y  t o  o p e r a t e  wi th  s l u r r y ,  e a s e  of c o n t r o l  
es t imated  maintenance requirement,  and compactness o f  design.  A 
comparison of t h e  var ious  types  considered i s  shown i n  Table I. It was 
concluded t h a t  t h e  fol lowing scrubbers  are the  best candida tes :  

Expected 

Other  factors cons idered  w e r e  p r e s s u r e  drop,  

1. Venturi  fol lowed by an absorp t ion  sec t ion .  

2 .  Turbulent-contact  scrubber  (mobile ping pong b a l l  t y p e ) .  

3. Flooded-bed scrubber  (marble bed type) .  

Gas d u c t s  (40 in .  diameter)  between t h e  boiler takeoff  and the  
scrubber  a r e  mild steel, i n s u l a t e d  t o  prevent  condensation. F lue  g a s  
a n a l y s i s ,  except  f o r  s u l f u r  d ioxide ,  w i l l  be made wi th  g a s  chromato- 
graphs ;  an u l t r a v i o l e t  photometr ic  ana lyzer  w i l l  be used t o  monitor 
s u l f u r  dioxide before  and after each scrubber .  Provis ion  is made f o r  
a d d i t i o n  of s u l f u r  d ioxide  during s e l e c t e d  tests t o  c o n t r o l  t h e  s u l f u r  
d i o x i d e  concent ra t ion .  
ox ides  a r e  p r e s e n t l y  being evaluated.  The v e n t u r i  f low t u b e s  (20-in.  
t h r o a t  diameter by 9 f t  h igh)  a r e  cons t ruc ted  of s t a i n l e s s  steel  and a r e  
mounted i n  a v e r t i c a l  run of  s t r a i g h t  duct  i n  accordance with good 
engineer ing  p r a c t i c e .  

Methods f o r  measuring p a r t i c u l a t e s  and n i t rogen  

The v e n t u r i  sc rubber  (Chemico) has a v a r i a b l e  t h r o a t  s e c t i o n  
f a b r i c a t e d  from s t a i n l e s s  steel. The o v e r a l l  dimensions a r e  6 f t  4 in.  
diameter  and 11 f t  high wi th  a 3-f t -diameter  t h r o a t .  The g a s  velocity 
through t h e  t h r o a t  is c o n t r o l l e d  b y  a mechanical ly  ac tua ted  c o n i c a l  plug. 
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Gas flow is downward through t h e  scrubber  and exits through a side o u t l e t  
near t h e  bottom i n t o  a companion absorber. The v e n t u r i  should g i v e  good 
performance on p a r t i c u l a t e  removal b u t  the  g a s  res idence  t i n e  may be t o o  
s h o r t  f o r  good absorp t ion .  Therefore, an a b s o r p t i o n  s e c t i o n  w a s  added 
i n  series. The a b s o r b e r  s h e l l  (8-ft diameter by 38 f t  h igh)  is  designed 
t o  accommodate either packed or sieve t r a y  i n t e r n a l s .  

The t u r b u l e n t  c o n t a c t  absorber (UOP) is  desigled for two 
scrubbing s t a g e s  w i t h  p r o v i s i o n  f o r  a l i q u i d  t r a p o u t  t r a y  o r  a t h i r d  
scrubbing s tage.  The vessel i s  5 f t  7 in.  square  by 38 f t  8 in.  high;  
i n t e r n a l s  are s t a i n l e s s  steel. 

The flooded-bed scrubber  (Combustion Engineer ing)  h a s  a s i n g l e  
s t a g e  of marble mobile  packing. 
high. A l l  of t h e  s c r u b b e r s  w i l l  accommodate either a chevron o r  f i x e d  
vane-type m i s t  e l i m i n a t o r .  

The v e s s e l  i s  7 f t  square  and 17 f t  6 in.  

The reheater for each t r a i n  is o i l  fired and h a s  a m a s h u m  
c a p a c i t y  of 5,800,000 B t u h r .  The induced-draf t  fans are cons t ruc ted  of 
s t a i n l e s s  steel and a r e  equipped w i t h  400-hp motors. 

A l l  p i p i n g  i n  t h e  system is e i t h e r  rubber  l i n e d  (2-1/2 inchand 
l a r g e r )  or s t a i n l e s s  steel (less than 2-1/2 in.) .  The scrubber  h o l d  tank 
f o r  each scrubbing system i s  c y l i n d r i c a l  (20- f t  diameter and 21 f t  h igh)  
with a f l a t  bottom. They are sited for  1-hr r e t e n t i o n  t i m e  a t  600 gpn; 
l i q u i d  l e v e l s  w i l l  be a d j u s t a b l e  so t h a t  r e s i d e n c e  t i n e  can be var ied .  
The t a n k s  are equipped w i t h  a g i t a t o r s  and have overf low w e i r s  t o  minimize 
l o s s  of unreac ted  absorbent  to the th ickeners .  Rach system w i l l  have a 
th ickener  w i t h  r a k e  and s c r a p e r  discharge designed for 2 hr  s e t t l i n g  time. 
Two a r e  20 f t  i n  diameter and 15  f t  high. Because of h i g h e r  r e c i r c u l a t i o n  
r a t e s  i n  t h e  TCA scrubber ,  t h e  third t h i c k e n e r  rill be 30 f t  i n  diameter. 

Thickener underflow may be d ischarged  t o  a pond area provided 
f o r  w a s t e  s o l i d s  d i s p o s a l  or t o  a f u r t h e r  dewater ing s tep.  The pond is 
s e p a r a t e  from t h e  p l a n t  ash  d i s p o s a l  a r e a  and i s  equipped with a reclaim 
sump for r e t u r n  of t h e  c l a r i f i e d  overflow; a l l  scrubber  systems w i l l  
d i s c h a r g e  to a common pond. 
s t o r a g e  of s o l i d s  f r o n  markedly d i f f e r e n t  r e a c t a n t s .  The f i l ter  i s  a 
drum type w i t h  f l e x i b i l i t y  t o  o p e r a t e  with precoa t .  
a cont inuous type with a v a r i a b l e  speed drive.  

However, compartmented areas are provided f o r  

The c e n t r i f u g e  i s  

Cont ro l  o f  t h e  scrubbing systems w i l l  be carried out from a 
central  graphic  pane lboard  equipped w i t h  an e l e c t r o n i c  data a c q u i s i t i o n  
system. The system i s  hard wired f o r  d a t a  output  i n  engineer ing u n i t s  
d i r e c t l y  on magnetic tape. Onsi te  d i s p l a y  of s e l e c t e d  information w i l l  
be a v a i l a b l e .  Also, important  process  c o n t r o l  v a r i a b l e s  w i l l  be cont inu-  
ously recorded and t r e n d  r e c o r d e r s  w i l l  be provided  f o r  p e r i o d i c  

T e s t  Program 

The i n i t i a l  p h a s e  of t e s t i n g  w i l l  involve  s t a r t u p  t o  check 
o u t  equipment, p i p i n g ,  w i r i n g ,  and c o n t r o l s ,  followed by a per iod  of  
c a l i b r a t i o n  and perfoxmm,ce t e s t i n g  p r i o r  to s t a r t  of planned experiments. 
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The f i rs t  set  of experiments w i l l  c o n s i s t  of screening  t e s t s  
designed t o  i d e n t i f y  t h e  p r i n c i p a l  independent v a r i a b l e s  t h a t  a f f e c t  
p rocess  performance or opera t ing  r e l i a b i l i t y .  These tests w i l l  a l s o  
e s t a b l i s h  t h e  range of i n t e r e s t  for t h e  important  v a r i a b l e s .  A s t a t i s -  
t i c a l  design of experiments w i l l  be used t o  o b t a i n  t h e  requi red  d a t a  a t  
a reasonable  s i g n i f i c a n c e  l e v e l  wi th  a minimum number of runs.  The 
c o r r e l a t i o n  of e f f e c t s  w i l l  be based on p r o c e s s  models which have been 
developed by Bechtel  f o r  each system. The models w e r e  der ived  through 
a p p l i c a t i o n  of chemical engineer ing t h e o r y  t o  produce a series of 
equat ions  r e l a t i n g  independent and dependent p r o c e s s  v a r i a b l e s .  The 
v a r i a b l e s  are r e l a t e d  by a series of: c o e f f i c i e n t s ;  t h e  numerical  va lue  
of  t h e s e  c o e f f i c i e n t s  w i l l  be determined from t h e  experimental  d a t a  b y  
r e g r e s s i o n  ana lys i s .  

Following t h e  screening experiments ,  a set of primary experi-  
ments w i l l  be conducted to  permit  a detailed i n v e s t i g a t i o n  of performance 
c h a r a c t e r i s t i c s  under opt imized condi t ions .  
a p p l i c a t i o n  of t h e  experimental  r e s u l t s  to d e s i g n  of  commercial systems 
During t h i s  phase,  p e r i o d s  of extended opera t ion  under uniform condi t ions  
a r e  planned t o  provide information of opera t ing  r e l i a b i l i t y .  

These data are r e q u i r e d  f o r  

Mechanical design development w i l l  be carried o u t  con- 
c u r r e n t l y  w i t h  t h e  process-or ien ted  tests. Many of t h e  p o t e n t i a l  
o p e r a t i o n a l  problems such a s  s c a l i n g ,  plugging, m i s t  c a r r y o v e r ,  cor ros ion ,  
e r o s i o n ,  and s o l i d s - l i q u i d  s e p a r a t i o n  are d i r e c t l y  i n f l u e n c e d  by process  
v a r i a b l e s .  I t  i s  important t h a t  f e a s i b l e  o p e r a t i n g  modes be e s t a b l i s h e d  
e a r l y  i n  t h e  program. 

Systematic  procedures  f o r  e v a l u a t i n g  t h e  e f f e c t  of e f f l u e n t s  
on a i r  artd water q u a l i t y  a r e  being developed. 

I n  o r d e r  t o  make maximum u s e  of t h e  f a c i l i t y ,  t e s t i n g  w i l l  be 
c a r r i e d  o u t  on a continuous b a s i s ;  t h e  only planned d e l a y s  between tests 
w i l l  be t o  allow t h e  system t o  reach s t e a d y - s t a t e  a f t e r  a change i n  
condi t ions .  The a n a l y t i c a l  support  r e q u i r e d  f o r  t h e  test program is 
formidable.  I t  h a s  been es t imated  t h a t  up t o  420 chemical de te rmina t ions  
per  test  w i l l  be needed. Instrumental  procedures  a r e  being developed to  
minimize t h e  cost of t h i s  work, A t o m i c  absorp t ion ,  X-ray d i f f r a c t i o n ,  
X-ray f luorescence ,  and conduct iv i ty  methods a r e  being evaluated.  

The o v e r a l l  l e n g t h  of t h e  t e s t  program has  n o t  been w e l l  
A test p e r i o d  of  2 y r  has  been assumed f o r  budget ing purposes,  def ined.  

b u t  t h e  a c t u a l  time w i l l  depend on t h e  many f a c t o r s  t h a t  t e n d  to  confound 
a comprehensive test program. The number of d i f f e r e n t  types of l imestone 
to be t e s t e d  w i l l  have a major i n f l u e n c e  on t h e  t o t a l  program length.  
Also,  it might be d e s i r a b l e  t o  test improvements in the nethod t h a t  are 
l i k e l y  t o  develop from p i l o t  programs i n  p r o g r e s s  around t h e  world. 
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THE RECWERY OF SULPHUR FROM SULPHIDE ORE 

SMtiLTER WASTB GASES, CONTAINING LOW CONCBNIRAIIONS OF SO2 

R.G.W. Laugh l in ,  F. J. Hopton and V.B. S e f t o n  

A lor t - r a tu re  (100-120%) Clans r e a c t i o n  is sugges t ed  as 
t h e  b a s i s  o f  a r ecove ry  process to  abt8in a u l p h u r  from waste g a s e s ,  
c o n t a i n i n g  low c o n c e n t r a t i o n s  of rurphot biexide, emitted d u r i n g  
s u l p h i d e  o r e  sme l t ing .  The C8tdprt for tho r e a c t i o n  acts as an 
adso rben t  for t h e  s u l p h u r  produced. 

A h o t  reducing g a s  p a s s e d  through the l o a d e d  c a t a l y s t  s t r i p s  o f f  t h e  
su lphur  and a l s o  r e g e n e r a t e s  t h e  c a t a l y s t  f o r  f u r t h e r  r e a c t i o n  and 
adso rp t ion .  A f t e r  condensa t ion ,  tm t h i r d s  of t h e  s u l p h u r  is used  t o  
produce  hydrogen s u l p h i d e  f o r  t h e  C l a u s  r e a c t i o n  and t h e  remainder 
may b e  so ld  t o  d e f r a y  expenses .  S e v e r a l  methods for hydrogen s u l -  
p h i &  p roduc t ion  have  been examined anb t h e  r e a c t i o n s  between n a t u r a l  
gas  and producer  g a s  w i t h s l l p h u r  o r  s u l p h u r  d i o x i d e  a r e  d i scussed .  
T e s t s  of t h e  p r o c e s s  on si te a t  a smelter i n d i c a t e  t h a t  t h e  p r o c e s s  
would work s u c c e s s f u l l y  to d e s u l p h u r i z e  gases  c o n t a i n i n g  1-296 s u l p h u r  
d i o x i d e  by volume. Two major p r o c e s s  flow schemes are c o n s i d e r e d ,  
one s u i t a b l e  f o r  a s m a l t e r  where a s t r o n g  lO-lS% su lphur  d i o x i d e  
stream i s  a v a i l a b l e  for hydrogen s u l p h i d e  p r o d u c t i o n ,  t h e  other where 
no such stream exists. P r e l i m i n a r y  p r o c e s s  economics are d i s c u s s e d .  

. .  
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1. INTRODUCTION 

Sulphur  d i o x i d e  i s  now u n i v e r s a l l y  r e c o g n i i e d  a s  a harmful  a i r  
p o l l u t a n t .  The use  of t a l l  s t a c k s ,  and the e x i s t e n c e  of r easonab le  
weather p a t t e r n s ,  have g e n e r a l l y  minimized t h e  effect of so2 on peop le ,  
b u i l d i n g s ,  and p l a n t s .  Unusual geographic  and weather  c o n d i t i o n s  have 
lead to s e v e r a l  c a t a s t r o p h e s  a t t r i b u t a b l e  t o  SO2, e.g. h n o r a ,  Penn- 
s y l v a n i a  (1948) (1)  ; and London, England (1952).  

Two major sou rces  o f  SO2 p o l l u t i o n  are coal and r e s i d u a l  o i l  
f i r e d  thermal  electric g e n e r a t i n g  s t a t i o n s  and s u l p h i d e  ore sme l t ing  
ope ra t ions .  These s o u r c e s  account for  50% of the 15-20 m i l l i o n  t o n s  
of s u l p h u r ( 2 )  e m i t t e d  t o  t h e  atmosphere i n  North A m e r i c a  each  yea r .  
The c o n c e n t r a t i o n s  of SO? i n  the e f f l u e n t  g a s e s  f r o m  t h e s e  o p e r a t i o n s  
are 0.1-0.3% by volume SO2 from g e n e r a t i n g  p l a n t s  and 1.0-15.076 
from smelters. I n  O n t a r i o  150,000-200,000 t o n s  per y e a r  of s u l p h u r  
are emi t t ed  from g e n e r a t i n g  - s t a t i o n s ,  and 1.5-2 m i l l i o n s  tons /yea r  
from sme l t ing  o p e r a t i o n s .  

I n  l a t e  1966, t h e  Ontario Research Foundat ion  i n i t i a t ed  an 
i n v e s t i g a t i o n  i n t o  an  9 3 2  removal scheme, which would b e  a p p l i c a b l e  
t o  both  g e n e r a t i n g  p l a n t s  and s u l p h i d e  o r e  smelters. The process w a s  
aimed a t  bo th  a i r  p o l l u t i o n  abatement and r e s o u r c e  conse rva t ion .  I t  
was cons ide red  e s s e n t i a l  t o  recover s u l p h u r  i n  t h e  e l e m e n t a l  form, 
since t h i s  i n c u r s  minimum t r a n s p o r t a t i o n  costs per u n i t  weight  of 
su lphur .  O n t a r i o  is a l r e a d y  w e l l  s u p p l i e d  wi th  s u l p h u r i c  a c i d  manu- 
f a c t u r e d  f r o m  h i g h  s t r e n g t h  SO2 streams being  e m i t t e d  from t h e  Sudbury 
complex o f  n i cke f  smelters. Any f u r t h e r  s u l p h u r  r ecove red  i n  O n t a r i o  
would, t h e r e f o r e ,  have  t o  b e  t r a n s p o r t e d  away from t h e  p rov ince ,  t h u s  
t h e  minimum t r a n s p o r t a t i o n  c o s t  i s  e s s e n t i a l .  

The O.R.F. p r o c e ~ s ( ~ , ~ )  i s  based  on a l o w  t empera tu re  C laus  
r e a c t i o n ( 5 ) .  The SO2 i n  t h e  e f f l u e n t  i s  c a t a l y t i c a l l y  reduced  t o  
su lphur  wi th  H z S ;  a p o r t i o n  of the su lphur  i s  r e t a i n e d  as  p roduc t  and 
t h e  ba l ance  i s  c o n v e r t e d  t o  H 2 S  and r ecyc led .  Fig.  1 shows a s imple  
f l o w  s h e e t  for t h e  process. The c h e m i s t r y  of t h e  p r o c e s s  i s  summariied 
i n  t h e  r e a c t i o n s  g iven  b e l o w :  

i) Reduction and Adsorp t ion  

100-150 OC 
SO? + 2H?S .-) 3s adsorbed  + 2H20 

c a t a l y s t  

ii) C a t a l y s t  Reqenerat ion 

h o t  reducing  g a s  
3s adsorbed  -) 3s g a s  

. 350 - 450°C 
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iii Sulphur  Condensat ion and S p l i t t i n s  

to  H 7 S  Genera to r  
35 g a s  --> 2s l i q u i d  + S l i q u i d  

1 product  

i v )  H z S  P r o d u c t i o n  

c a t a l y s t  
2s l i q u i d  + 2H2 ___I) 2 H 2 S  

600-800- 
c a t a l y s t  

o r  25 l i q u i d  + 2CO + 2H7O .-> 2H2S + XO, 
600-800 .C 

c a t a l y s t  
o r  2s l i q u i d  + W H 4  + H 2 0  ,-> 2 H 2 S  + q c O 2  

600-800 'C 

2. CATALYST SELECTION 

The p r o p e r t i e s  r e q u i r e d  f o r  a s u c c e s s f u l  c a t a l y s t / a d s o r b e n t  . 
i n  t h i s  p r o c e s s  are:- 

i) High c a t a l y t i c  e f f i c i e n c y  f o r  the  H z S / S O p  r e a c t i o n  i n  t h e  
p r e s e n c e  of b o t h  oxygen and water. 

i i )  High a d s o r p t i v e  c a p a c i t y  f o r  su lphur .  

i i i )  Long a c t i v e  c a t a l y t i c  life. . 
i v )  High mechanical  s t r e n g t h ,  l o w  a t t r i t i o n  loss p o t e n t i a l .  

v) Low cost, 

T e s t s  i n  the l a b o r a t o r y  w e r e  c a r r i e d  o u t  u s i n g  a 1% So;, and 2% 
H 2 S  stream p a s s i n g  o v e r  10 grams of s c a e  30 d i f f e r e n t  c a t a l y s t s  w i t h  a 
g a s  c o n t a c t  time of 0.3 seconds.  The r e s u l t s  showed t h a t  t h e  t h r e e  
fo l lowing  c a t a l y s t s  exhibited t h e  best p o t e n t i a l  for f u l f i l l i n g  t h e  
first t w o  r e q u i r e d  p r o p e r t i e s .  A c t i v a t e d  aluminas (Kaiser Chemicals 
KA-201 and Alcoa F-1) a n d  a treated B a w i t e  (Engelhard P o r o c e l  SRC). 
A l l  t h r e e  c a t a l y z e d  t h e  r e a c t i o n  of H 2 S  with S o 2  p r e f e r e n t i a l l y  t o  t h e  
r e a c t i o n  between H,S and oxygen a t  l o w  t e m p e r a t u r e s  ((1fO'C). A t  
h i g h e r  tempera tures  t h e  o x i Q t i o n  of H 2 S  t o  w a t e r  and SO7 was favored  
as would be expected.  

Subsequent tests showed that K a i s e r  KA-201 a c t i v a t e d  alumina 
was t h e  best c a t a l y s t  fo r  su lphur  l o a d i n g ,  mechanical  s t r e n g t h ,  and 
maintenance of c a t a l y t i c  a c t i v i t y ,  o v e r  s e v e r a l  l o a d i n g  and regener -  
a t i n g  c y c l e s .  
r e a c t i o n  a t  i n c r e a s i n g  s u l p h u r  l o a d i n g s  are shown i n  Fig.  2. 

The e f f i c i e n c i e s  of t h e  three c a t a l y s t s  f o r  the H z S - S O z  
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Analyses of  t h e  g a s  streams i n  t h e  l a b o r a t o r y  tests w e r e  made 
u s i n g  a Perlt in E l m e r  154L g a s  chromatograph w i t h  a po lypropy lene  g l y c o l  
on chromosorb LJ column. T h i s  i n s t rumen t  w a s  a l s o  used  i n  t h e  subsequent  
f i e l d  tests e 

3. FIELD TESTS 

Having shown t h e  f e a s i b i l i t y  of t h e  r e d u c t i o n  step i n  t h e  l abora -  
t o r y ,  and having  de f ined  t h e  optimum range  of o p e r a t i n g  conditions, it 
w a s  dec ided  t h a t  some f i e l d  tests shou ld  b e  carried ou t .  

Two series o f  tests w e r e  a r r anged ,  one  a t  an  O n t a r i o  Hydro 
Genera t ing  S t a t i o n ,  t h e  o t h e r  a t  a n icke l /copper  smelter i n  O n t a r i o  

3.1 T e s t s  a t  t h e  Genera t ing  S t a t i o n  

A small reactor c o n t a i n i n g  K A - 2 0 1  c a t a l y s t  was set u p  and gas 
p u l l e d  through it by a pump a t  a c o n t r o l l e d  rate from a d u c t  downstream 
of t h e  electrostatic p r e c i p i t a t o r s  u s e d  i n  t h i s  s t a t i o n .  The compo- 
s i t i o n  of t h i s  g a s  stream w a s :  

so2 1400-1500 ppm 
N D x  150-300 ppm 
p2 3% 
H2 0 10% 
co2 12-13% 
N2 Balance 

, H p S  from a g a s  c y l i n d e r  w a s  b l e d  i n t o  t h e  g a s  stream upstream of t h e  
r e a c t o r  t o  g i v e  a c o n c e n t r a t i o n  of 2800-3000 ppm. 

The r e s u l t s  o f  t h e s e  tests w e r e  ex t remely  poor. Very l o w  
e f f i c i e n c y  f o r  S o p  removal w a s  found and  ve ry  l o w  s u l p h u r  l o a d i n g s  
obta ined .  S e v e r a l  d i f f e r e n t  c a t a l y s t s  w e r e  t r ied,  b u t  w i t h  n o  i m -  
provement of r e s u l t s .  

I 

\ 

1 

\ 

A t e n t a t i v e  e x p l a n a t i o n  fo r  t h i s  f a i l u r e  is o f f e r e d .  I t  is  
sugges ted  t h a t  t h e  NOx i n  t h e  g a s  stream c a u s e s  p o i s o n i n g  of t h e  
c a t a l y s t  by oxidizLngSO? t o  SO3 on t h e  c a t a l y s t  s u r f a c e  i n  t h e  p r e s e n c e  
of mois ture .  

c a t a l y s t  

100-150 'C 
so? + NO? + H?O ___3 H7S04 

2No + 0 2  - 2No2 

I t  is s p e c u l a t e d  t h a t  t h e  H2S04 o n  the s u r f a c e  

I 

+ N o  

n h i b i t s  t h e  
r e a c t i o n  between H?S and SO?. The e x t e n t  of t h e  i n h i b i t i o n  w a s  so 
g r e a t  t h a t  f u r t h e r  work on t h e  a p p l i c a t i o n  of t h e  p r o c e s s  t o  g e n e r a t i n g  
s t a t i o n s  was t e rmina ted .  The i d e n t i f i c a t i o n  of N4( as t h e  c a u s e  of 
r e a c t i o n  i n h i b i t i o n  was made by c a r r y i n g  o u t  tests i n  t h e  l a b o r a t o r y  
wi th  and wi thout  100 ppm t o  Nq( i n  t h e  g a s  stream. R e s u l t s  of t h e s e  
l a b o r a t o r y  tests w e r e  s i m i l a r  t o  t h o s e  ob ta ined  d u r i n g  t h e  f ie ld  tests. 



3.2 T e s t s  a t  t h e  !Smelt= 

With t h e  h i g h e r  s u l p h u r  d i x o i d e  c o n c e n t r a t i o n s  (>1.0%) expec ted  
i n  t h e  smelter g a s e s  and  much lower NOx c o n c e n t r a t i o n s ,  it was though t  
t h a t  t h e  po i son ing  p r o c e s s  would b e  less l i k e l y  t o  inhibi t  t h e  HzS-SO? 
r e a c t i o n .  

The composi t ion  of t h e  g a s  streams t e s t e d  a t  the smelter were 
a s  fo l lows : -  

From t h e  C o n v e r t e r s  From t h e  bas te rs  

0.2 - 2.2% 
mainly 0.8-1.1% 
mean 0.9% 

0.9 - 1.4% 

1.2% 
- 

NO2 C 2 0  pprn <20 ppm 

.L, 150 ppm SO3 =150 ppm 

17% 

2% 

Nitrogen Balance Ea1 ance  

A 50 gram c a t a l y s t  bed of Kaiser KA-201 w a s  used  t o  t e s t  the 
e f f e c t i v e n e s s  of r e d u c t i o n  and s u l p h u r  adso rp t ion .  Ihe r e s u l t s  
ag reed  w e l l  w i t h  t h o s e  found  i n  t h e  l a b o r a t o r y  w i t h  s imula t ed  g a s  m i x -  
t u r e s .  The c a t a l y s t  w a s  r e g e n e r a t e d  u s i n g  a reducing  g a s  m i x t u r e  of 
hydrogen and n i t r o g e n .  The c a t a l y t i c  a c t i v i t y  w a s  comple t e ly  r e s t o r e d ,  
and t h e  c a t a l y s t  w a s  reloaded. 
r e p e a t e d  10 t imes  w i t h  no  a p p a r e n t  l o s s  i n  c a t a l y t i c  a c t i v i t y .  

This a d s o r p t i o n - r e g e n e r a t i o n  c y c l e  w a s  

A problem encoun te red  working wi th  t h e  smelter stream w a s  t h e  
extreme v a r i a b i l i t y  i n  5 0 ,  c o n c e n t r a t i o n .  I n  order to  e n s u r e  t h a t  H7S 
is n o t  r e l e a s e d  i n t o  t h e  atmosphere it w i l l  p robab ly  be necessa ry  t o  
run  t h e  p r o c e s s  wi th  a d e f i c i e n c y  of H7S. One set of load ing- regene ra t ion  
r u n s  was c a r r i e d  o u t  u s ing  approximate ly  60% of t h e  t h e o r e t i c a l  H 2 S  
r equ i r ed .  No d rop  i n  e f f i c i e n c y  w a s  observed .  I t  shou ld ,  t h e r e f o r e ,  
be q u i t e  p o s s i b l e  t o  run  t h e  p r o c e s s  wi th  90 or 95% of the t h e o r e t i c a l  
H 2 C  requirement.  F i g .  3 shows t h e  v a r i a t i o n  of the S o 2  c o n c e n t r a t i o n  
wi th  t i m e  i n  t h e  gas stream f r o m  t h e  c o n v e r t e r s .  H 2 S  i n j e c t i o n  i n t o  
t h e  g a s  s t ream i n  t h e  plant would have to b e  c o n t r o l l e d  by an  SO2 d e t e c t o r  
upstream of t he  c a t a l y t i c  reactor. 

4. PROWCl?ION O F L S  

A 1 1  t h e  l a b o r a t o r y ' a n d  f i e l d  tests of t h e  r e d u c t i o n  step used  
p u r e  H 7 S  from a g a s  c y l i n d e r .  
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H 2 S  c o u l d  b e  produced i n  many ways for t h i s  p rocess .  A number 
of p l a u s i b l e  r e a c t i o n s  w e r e  examined expe r imen ta l ly  i n  t h e  l abora to ry .  

P roduc t ion  of H2S i n  t h e  C a t a l y s t  Regenera t ion  S t e E  4.1 

Th i s  method of H2S p roduc t ion  does no t  fit i n t o  t h e  g e n e r a l  f low 
s h e e t  shown i n  F ig .  1. I t  isshown d i a g r a m a t i c s l l y  i n  F ig .  4. A h o t  
g a s  s t ream c o n t a i n i n g  CO, H2 and steam, such  as might b e  produced from 
t h e  p a r t i a l  o x i d a t i o n  of n a t u r a l  g a s ,  is passed  through t h e  su lphur  
l aden  c a t a l y s t  bed ,  h e a t i n g  t h e  c a t a l y s t  t o  abou t  400eC. P a r t  o f  t h e  
su lphur  i s  conve r t ed  t o  HIS and COS. The stream i s  t hen  p a s s e d  o v e r  a 
second c a t a l y s t  bed of Harshaw Fe-0301 s u l p h i d e d  i r o n  on alumina c a t a l y s t ,  
a t  350°C. The remaining su lphur ,  CO, H2 and steam react together t o  
g i v e  hydrogen s u l p h i d e  and traces of ca rbony l  su lph ide .  T l e q u a n t i t i e s  
o f  reducing  g a s e s  used  t o  r e g e n e r a t e  t h e  c a t a l y s t  would be  s u f f i c i e n t  
t o  reduce  on ly  t w o - t h i r d s  of t h e  su lphur  on t h e  c a t a l y s t .  Thus, one- 
t h i r d  o f  t h e  su lphur  i s  s t r i p p e d  f r o m  t h e  c a t a l y s t  un reac ted .  
condensed t o  g i v e  a marke tab le  l i q u i d  o r  s o l i d  su lphur  p roduc t .  

This is 
~ 

4.2 Produc t ion  of H 2 5  by Direct Reac t ion  of SulDhur wi th  Methane 

4 s  + CH4 + 2H20 -> 4H2S + COz 

T e s t s  w e r e  made u s i n g  s e v e r a l  c a t a l y s t s .  Kaiser KA-201 and 
Harshaw H - 1 5 1  a c t i v a t e d  aluminas gave  t h e  best convers ion .  F ig .  5 shows 
t h e  r e l a t i o n s h i p  between t empera tu re  and c o n t a c t  t ime  fo r  complete 
r e a c t i o n  o f  methane and su lphur .  A l s o  shown is the effect of a 10% 
excess of su lphur  on t h e  r e q u i r e d  c o n t a c t  t i m e .  A s  can  b e  seen ,  a 
s u b s t a n t i a l  r e d u c t i o n  i n  t empera tu re ,  for complete  r e a c t i o n  o f  methane 
is achieved  by u s i n g  a greater than  s t o i c h i o m e t r i c  q u a n t i t y  of su lphur .  
I t  may b e  more economical to  o p e r a t e  the H 2 S  produc t ion  u n i t  i n  t h i s  
manner, c o n s t a n t l y  r e c y c l i n g  t h e  s m a l l  excess of su lphur .  

4.3 Product ion  of H 2 S  by Reac t ion  of SO2 w i t h  Methane 

H S may b e  s y n t h e s i z e d  by t h e  direct r e d u c t i o n  o f  SO2 w i t h  
methanef6) i.e. 

4so2 + 3CH4 ____) 3cO2 + 4HzS + 2 H 2 0  

Th i s  r e a c t i o n  r e q u i r e s  a s u i t a b l e  c a t a l y s t  t o  occur  a t  r ea sonab le  
tempera tures ,  i.e. about  7OO0C, 

Our i n v e s t i g a t i o n s  showed t h a t  n i c k e l  s u l p h i d e  suppor ted  on 
Harshaw H.151 Alumina was a s u i t a b l e  c a t a l y s t  f o r  t h i s  r e a c t i o n .  Com- 
p l e t e  r e a c t i o n  of methane w a s  ach ieved  a t  720°C wi th  a methane t o  SO:, 
r a t io  of 0.75 and a g a s  c o n t a c t  t i m e  o f  0.56 sec. 

The Texas Gulf Sulphur  Co. have a p a t e n t ( ?  on t h e  r e a c t i o n  o f  
su lphur  d i o x i d e  wi th  methane. This examines t h e  r e a c t i o n  w i t h  a methane 
t o  SO? r a t i o  of 0.5. 

i.e. CH4 + 2502 -, C02  + 2s + 2H20 
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T h i s  r e a c t i o n  was found t o  be on ly  60-7096 complete  a t  800°C over  an 
alumina c a t a l y s t .  

The reason f o r  examining the p o s s i b i l i t y  of producing  H2S d i r e c t l y  
from SO2 i s  because same of t h e  waste streams i n  t h e  smelter c o n t a i n  
10-15% SO? with ve ry  l i t t l e  oxygen. If t h i s  stream can  be d i r e c t l y  
reduced by methane, s a v i n g s  a r e  r e a l i i e d  on two counts .  

1) The r e a c t i o n :  

3cHq + 4=? ____) 4 H:, S + x o 7  + 2H20 

i s  exothermic ( - L H ' ~ ~ " ~  = -15,500 B.T.U./16 m o l e  H 7 S  produced)  

w h i l e  t h e  r e a c t i o n :  

X H 4  + 45 + 2HpO ___1$ 4H2S + 3c02 

is endothermic = +31,000 B.T.U./16 mole H z S  produced)  

Thus,  t h e  a d d i t i o n a l  heat produced i n  t h e  C H 4  - SO2 r e a c t i o n  may be 
u t i l i z e d  t o  r a i s e  t h e  t empera tu re  of c a t a l y s t  and g a s e s  towards t h e  
necessa ry  r e a c t i o n  t empera tu re  of 700°C. For t h e  C H 4 - S  r e a c t i o n ,  
a d d i t i o n a l  methane would have  to be combusted t o  p r o v i d e  t h i s  h e a t .  

While i t  appea r s  from t h e  e q u a t i o n s  t h a t  t h e  CHq-S r e a c t i o n  
r e q u i r e s  o n e - t h i r d  a s  much methane t o  produce t h e  same amount o f  H z S ,  
i t  must be  remembered t h a t  t w o - t h i r d s  of t h e  con ta ined  su lphur  i s  re- 
cyc led .  Hence t h e  amount o f  methane p e r  u n i t  of p r o d u c t  su lphur  is 
t h e  same f o r  b o t h  r e a c t i o n s .  

2) Use of t h e  CH4-SOa reaction t o  produce  H 2 S  decreases t h e  h e a t  
requi rement  pe r  u n i t  ai su lphur  p r o d u c t ,  f o r  h e a t i n g  t h e  c a t a l y s t  
and  s t r i p p i n g  the su lphur  i n  t h e  r e g e n e r a t i o n  s t e p ,  s i n c e  a l l  of t h i s  
su lphur  i s  product  su lphur .  Also, t h e  amount of c a t a l y s t  r e c y c l e d  
per u n i t  of su lphur  p r o d u c t  i s  reduced  t o  o n e - t h i r d ,  t h u s  d e c r e a s i n g  
c a t a l y s t  l o s s  due t o  a t t r i t i o n  and d e a c t i v a t i o n .  

4 . 4  Product ion  o f  H2S by  Reac t ion  o f  Methane wi th  a Mixture 
of Su lphur  and SO2 

I n  a p r a c t i c a l  s i t u a t i o n  p a r t  of t h e  r e q u i r e d  H 2 S  may be p ro -  
duced by  d i r e c t  r e d u c t i o n  of SO?, b u t  it may be necessa ry  t o  supple-  
ment t h i s  by H2S from su lphur .  An experiment  was run u s i n g  a mix tu re  
of SO2 and su lphur  (SO:,, 44% of t o t a l  su lphur )  ave r  Kaiser KA-201 
c a t a l y s t .  Fig. 6 shows t h a t  h i g h e r  t empera tu res  w e r e  r e q u i r e d  far  
t h i s  mixed r eac t ion .  No e x p l a n a t i o n  of t h e  i n h i b i t i o n  phenomena which 
must e x i s t  i s  o f f e r e d  a t  t h i s  t h e .  The r e s u l t s  s u g g e s t  t h a t  i t  would 
be p r e f e r a b l e  to run t h e  t w o  r e a c t i o n s  s e p a r a t e l y .  
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5. PROCESS FLOW SHEETS AND PRELIMINARY E C O N O _ S  

The flow sheets shown i n  Figs. 7 and 8 a r e  based  on t h e  concen- 
t r a t i o n s ,  f low r a t e s ,  and gas t empera tu res  of streams f r o m  an  O n t a r i o  
smelter. 

The waste gas f lows  from t h i s  smelter a r e  a s  fo l lows :  

Conver t e r s  - 1,770,000 a.c.f.m. a t  256°F t o t a l  g a s  f low 
1.12% s o 2  
36.4 t ons /hour  su lphur  

F l u i d  bed r o a s t e r s  - 190,000 a.c.f.m. a t  256°F t o t a l  g a s  f l o w  
1 3 6  so2 
45.6 t o n s h o u r  su lphur  

Tota l  annual su lphur  p roduc t ion  700,000 t o n s  

Flowsheet "A" c o n s i d e r s  combining t h e s e  t w o  streams and t r e a t i n g  
them both i n  t h e  r e a c t o r .  H 2 S  i s  t h e n  manufactured from two- th i rds  of 
t h e  su lphur  condensed from t h e  r e g e n e r a t o r .  

Flowsheet "€3" c o n s i d e r s  u s ing  t h e  1s SO2 stream f r o m  t h e  f l u i d  
bed r o a s t e r s  to  produce H 2 S  by direct r educ t ion  w i t h  n a t u r a l  g a s ;  s a v i n g s  
i n  h e a t  requi rement ,  c a t a l y s t  c i r c u l a t i o n ,  and r e a c t o r  s i z e  are r e a l i z e d .  

De ta i l ed  c a p i t a l  cost e s t i m a t i o n  i s  d i f f i c u l t  a t  t h i s  s t a g e ,  
b e f o r e  a comprehensive p i l o t  p l a n t  s tudy  has heen completed.  

A b r i e f  d i s c u s s i o n  of each of the major p l a n t  items i s  g i v e n  
below: 

i )  The Reactor 

I t  i s  envisaged  t h a t  a f l u i d i p e d  bed r e a c t o r  w i l l  b e  used. 
Because of t h e  huge volumes o f  g a s  t o  b e  handled ,  a series o f  f l u i d  
bed r e a c t o r s  w i l l  be  used  i n  p a r a l l e l .  For t h e  combined s t r eam us ing  
a f low v e l o c i t y  of 3 f t /sec. ,  a t o t a l  reactor a r e a  of 12,500 f t 2  is 
needed; t h i s  would b e  e q u i v a l e n t  to  6 or 7 50' d i ame te r  reactors. 
The minimum bed depth  r e q u i r e d  a t  t h i s  f l ow rate would b e  1.2 feet ,  
based  on exper imenta l  d a t a  f o r  100% H ? S  removal a t  a 60 grams su lphur  
p e r  100 grams c a t a l y s t  loading .  This would i n v o l v e  a p r e s s u r e  drop 
of 1 0 - i 2  i nches  of water a c r o s s  t h e  bed. 

Water sp rays  would be inco rpora t ed  i n t o  t h e  bed for  t empera tu re  
c o n t r o l .  The H2S/SO2 r e a c t i o n  i s  exothermic ,  and i f  t h e  t empera tu re  
i s  allowed t o  r ise t o o  far ,  o x i d i z a t i o n  of HzS b y  a i r  beg ins .  

Cyclone s e p a r a t o r s  would b e  used  t o  remove f i n e s  e n t r a i n e d  
i n  t h e  e x i t  gas. 
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ii) The Regenerator  

Much s m a l l e r  volumes o f  g a s  a r e  involved i n  t h e  r e g e n e r a t i o n  
s t e p .  E i t h e r  f l u i d i ~ e d  o r  f i x e d  bed o p e r a t i o n  could  be c o n s i d e r e d  
f o r  t h i s  o p e r a t i o n .  I t  i s  p r o b a b l e  t h a t  a f l u i d i z e d  bed w i l l  be pre- 
f e r r e d  f o r  tempera ture  c o n t r o l ,  and a lower  p r e s s u r e  drop  a c r o s s  t h e  
bed. 

iii) The H?S F r o d u c e r  

Again,  a f l u i d i r e d  bed comparable i n  s i z e  to  t h e  r e g e n e r a t o r  
w i l l  b e  used. A f a i r l y  deep bed w i l l  be r e q u i r e d  to a c h i e v e  t h e  con- 
tact  t i m e  needed f o r  complete r e a c t i o n .  T h i s  v e s s e l  wai.11 r e q u i r e  
ceramic l i n i n g  t o  w i t h s t a n d  t h e  h igh  t e m p e r a t u r e s  and c o r r o s i v e  con- 
d i t i o n s  encountered i n  t h i s  s t e p .  

5.1 Costs 

The c a p i t a l  c o s t s  for t h e  700,000 t o n s  o f  s u l p h u r  p e r  y e a r  
a p p l i c a t i o n  d i s c u s s e d  above, h a s  been e s t i m a t e d  from t h e  d a t a  p r e s e n t l y  
a v a i l a b l e  t o  be of t h e  o r d e r  of $25,000,000 - $30,000,000. Our b e s t  
e s t i m a t e  of costs p e r  t o n  of s u l p h u r  produced i s  g iven  i n  Fig. 9; 
p r o c e s s e s  based on b o t h  Flow Sheet  A and Flow Sheet  B a r e  cons idered .  
Scheme B shows markedly b e t t e r  economics t h a n  scheme A. 

Another w a y  of r educ ing  c o s t s  would be an upgrading of  t h e  g a s  
stream from l96 SO;? t o  4 or 5% SO?, t h u s  reducing  t h e  volume of gas  
and c u t t i n g  down t h e  sipe o f  r e a c t o r  r e q u i r e d  t o  a q u a r t e r  or a f i f t h  
of what i s  needed now. T h i s  upgrading c o u l d  p robab ly  be achieved by 
better hooding and c o n t r o l  of d i l u t i o n  a i r .  

The costs of $20 - $28 p e r  ton  of s u l p h u r  produced looked most 
encouraging,when t h i s  work was s t a r t e d ,  s i n c e  t h e  p r i c e  of  su lphur  
a t  t h a t  t ime w a s  $30 - $4O/ton. The p r e s e n t  $8 - $10 p e r  t o n  for 
s u l p h u r  makes the p r o c e s s  economics much less a t t r a c t i v e ,  b u t  i t  com- 
p a r e s  v e r y  favourably  w i t h  o t h e r  propo ed p r o c e s s e s  f o r  t r e a t i n g  
d i l u t e  S O 2  streams. 

6 .  MAJOR COKLUSIONS AM3 THE STATUS OF THE PROCESS 

6.1 Conclusions 

Small s c a l e  f i e l d  and l a b o r a t o r y  tes ts  have shown t h a t :  

a )  S o p  from an a c t u a l  smelter g a s  containing-196 SO2 by volume 
c a n  b e  reduced t o  s u l p h u r  and adsorbed on a c a t a l y s t  bed a t  
100 - 150'F, b y  adding H 2 S  t o  t h e  g a s  stream. 

b)  The s u l p h u r  c a n  be removed from t h e  c a t a l y s t  and condensed 
t o  g ive  a l i q u i d  o r  s o l i d  s u l p h u r  product .  
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c )  The c a t a l y s t  c a n  b e  comple te ly  r egene ra t ed  f o r  r e u s e  i n  t h e  
r educ t ion -adso rp t ion  step a t  35O-45O0C. 

d )  Hydrogen s u l p h i d e  for  t h e  r e d u c t i o n  s t e p ,  can  h e  p r o d u c e d ,  
by t h e  c a t a l y t i c  r e a c t i o n  of methane w i t h  s u l p h u r  or wi th  
a f a i r l y  c o n c e n t r a t e d  (710% by volume) SO:, stream a t  650- 
800 "C 

e) The in fo rma t ion  a v a i l a b l e  from t h e  sma l l  s c a l e  tests i s  suf -  
f i c i e n t  to begin  t h e  des ign  and b u i l d i n g  o f  a p i l o t  p l a n t .  

The a u t h o r s  g r a t e f u l l y  acknowledge t h a t  t h e  work d e s c r i b e d  
above w a s  suppor ted  i n  p a r t  by Canadian I n d u s t r i e s  Ltd. 
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FIG. 9 ESTIMATED P R O C E S S  COSTS 
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COMBUSTION OF PULVERIZED CflAR 

C.R. McCann, J.J. Demeter, A.A. Orning, and D. Bien,stock 

U. S. Department of t h e  I n t e r i o r ,  Bureau of Mines, ' 

P i t t s b u r g h  Energy Research Center ,  P i t t sbu rgh ,  Pa. 

I n t r o d u c t i o n  

The inc reas ing  demand f o r  n a t u r a l  g a s  stems from i t s  freedom from emissions of 
p a r t i c u l a t e  matter and s u l f u r  ox ides  and i t s  a d a p t a b i l i t y  t o  r e l a t i v e l y  inexpensive 
and au tomat ic  combustion equipment. Many s t u d i e s  of f u e l  r e sources  i n  t h e  U.S. 
have ind ica t ed  an  impending shor tage  of n a t u r a l  gas .  
ment of c o a l  g a s i f i c a t i o n  i s  e s s e n t i a l  f o r  t h e  s u r v i v a l  of t h e  gas  indus t ry  and 
i n d i c a t e s  wellhead p r i c e s  of n a t u r a l  gas w i l l  r each  50$/MCF w i t h i n  15 yea r s .  

F i s d l  concludes t h a t  develop- 

S e v e r a l  c o a l  g a s i f i c a t i o n  processes  are be ing  developed f o r  product ion  of 
p i p e l i n e  gas .  
a s  a s o l i d  f u e l .  
h e a t i n g  va lue  of t h e  c o a l  f eed ,  depending on t h e  process .  

Coal Research Labora tory  R e a c t i v i t y  I n d i c e s '  shows a c l o s e  c o r r e l a t i o n  with t h e  
v o l a t i l e  matter c o n t e n t  of cokes,  r e a c t i v i t y  dec reas ing  wi th  decreas ing  v o l a t i l e  
m a t t e r  con ten t .  
same v o l a t i l e  ma t t e r  c o n t e n t ,  from those  o f  cokes t o  those  of a c t i v e  carbons.  The 
r e a c t i v i t y  of cha r  r e s i d u e s  from g a s i f i c a t i o n  w i l l  probably be nea re r  t h a t  f o r  coke. 

Walker21 r epor t ed  t h a t  cha r s  from a f l u i d i z e d  bed p rocess  can be burned i n  

These g e n e r a l l y  y i e l d  a c h a r  r e s i d u e  t h a t  must be recovered f o r  use  
The h e a t i n g  va lue  i n  t h e  cha r  r e s i d u e  can  amount to 50% of t h e  

The combustion p r o p e r t i e s  of cha r s  are u i t e  v a r i a b l e .  A s tudy  based on ehe 

The r e a c t i v e  p r o p e r t i e s  of cha r s  may d i f f e r ,  f o r  m a t e r i a l  of t h e  

pu lve r i zed  form i n  fu rnaces  normally used f o r  a n t h r a c i t  
ous-type u n i t s  with supplemental  f u e l .  
f lu id ized-bed  coking o f  petroleum f r a c t i o n s  i n  a s l agg ing  fu rnace  without supple- 
menta l  f u e l .  The furnace  used opposed f i r i n g  i n c l i n e d  downward t o  g ive  flame 
impingement on t h e  s l a g  pool and very  s t a b l e  i g n i t i o n .  

o r  i n  convent iona l  bitumin- 
Cra ig  and Smith- have burned t h e  product of ZI 

Experience is  l i m i t e d ,  bu t  i n d i c a t e s  t h a t  c h a r  r e s i d u e s  from g a s i f i c a t i o n  can 
be burned e f f i c i e n t l y  provided t h e  furnace  is  designed f o r  t h e  p a r t i c u l a r  f u e l  o r  
an  a u x i l i a r y  f u e l  is  used .  

T e s t s  such as those  f o r  t h e  CRL R e a c t i v i t y  Ind ices  o r  burning p r o f i l e s ,  
developed by Wagoner and DuzyAI can be  used t o  e s t ima te  r e l a t i v e  ease  of com- 
b u s t i o n ,  b u t  may not be s u f f i c i e n t  t o  p r e d i c t  combustion e f f i c i e n c y  i n  a p a r t i c u l a r  
t ype  of u n i t  not designed p r i m a r i l y  f o r  handl ing  low-vo la t i l e  matter f u e l s .  
t h e  tests a r e  not  s t anda rd ized  nor are they  gene ra l ly  a v a i l a b l e .  Th i s  h a s  r e s u l t e d  
because d a t a  have not  appeared t h a t  j u s t i f y  s tandard ized  r e a c t i v i t y  tests i n  con- 
s i d e r a t i o n  of t h e  c l o s e  c o r r e l a t i o n  between r e a c t i v i t y  i n d i c e s  and t h e  proximate 
ana lyses  of s o l i d  f u e l s .  

Also,  

The p resen t  paper r e p o r t s  on t h e  combustion exper ience  wi th  th ree  cha r s  of 
d i f f e r e n t  v o l a t i l e  m a t t e r  c o n t e n t s  i n  a f r o n t - w a l l - f i r e d ,  dry-bottom furnace  capable  
of burning 500 l b  of bituminous coa l  per hour.  

Supplemental f u e l  was needed f o r  s t a b l e  combustion of low-vola t i le -mat te r  cha r s  
i n  t h i s  u n i t .  The p ropor t ion  o f  supplemental  f u e l  r e q u i r e d ,  o t h e r  ope ra t ing  v a r i -  
a b l e s  h e l d  c o n s t a n t ,  is  then  a measure of t h e  combustion p r o p e r t i e s  of t he  given 
c h a r .  The percent  carbon convers ion  i n  g a s i f i c a t i o n  should be optimized i n  r e -  
l a t i o n  t o  u t i l i z a t i o n  of f u e l  va lue  i n  t h e  r e s i d u a l  c h a r ,  which i n  tu rn  depends 
upon combustion p r o p e r t i e s  o f .  t he  cha r .  
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Experimental Apparatus 

Combustion research  has long been hampered by t h e  u n a v a i l a b i l i t y  of s u i t a b l e  
equipment which could be used €or  experimental  purposes.  
furnaces  are too  l a r g e ,  c o s t l y ,  and unwieldy t o  be  used f o r  exper imenta t ion ,  whi le  
r e s u l t s  ob ta ined  from sma l l e r  experimental  combustion u n i t s  a r e  d i f f i c u l t  t o  i n t e r -  
p r e t  and e x t r a p o l a t e  f o r  use on f u l l - s c a l e  furnaces .  To overcome these  l i a b i l i t i e s ,  
a multipurpose combustion u n i t  was designed t o  s imula t e  the  performance o f  an i n -  
d u s t r i a l  steam-generating furnace .  The combustor, a d r y  bottom u n i t ,  i s  capable  of 
burning 500 l b s  o f  pu lver ized  f u e l  per hour wi th  an e x i t  gas  temperature of 20009. 
A photograph of t h e  furnace  i s  shown i n  F ig .  1. A s impl i f i ed  flowsheet of  t h e  com- 
bus t ion  system inc luding  the  pu lve r i z ing  and feeding system is shown i n  F i g .  2. A 
c r o s s - s e c t i o n a l  view of t h e  p r i n c i p a l  components, t h e  combustor, convec t ive  h e a t  
t r a n s f e r  s e c t i o n ,  a duc t  designed f o r  emission measurements, and a r ecupe ra t ive  a i r  
h e a t e r  i s  shown i n  F ig .  3 .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  furnace  has  been r epor t ed  
e a r l i e r  .!?I 

Presen t  day i n d u s t r i a l  

Operation 

The fou r  f ron t -wa l l  burners  were designed t o  f i r e  n a t u r a l  gas  and/or  pu lver ized  
s o l i d  f u e l .  P r i o r  t o  each tes t  pe r iod ,  t h e  exper imenta l  furnace  w a s  f i r e d  wi th  
n a t u r a l  gas  t o  prehea t  t h e  r e f r a c t o r y  and t o  provide  a source  o f  p rehea t  f o r  t h e  
secondary a i r .  
necessary secondary-a i r  swirl adjustments were made t o  provide flames t h a t  were 
a t tached  t o  t h e  burners ,  bu t  no t  drawn i n t o  t h e  burner tubes .  Prehea t ing  was then 
continued u n t i l  t he  secondary a i r  temperature reached about 550%. Na tu ra l  gas  
flow t o  each burner  was then  reduced by 50%, and pulver ized-char  feed  w a s  s t a r t e d  
a t  a r a t e  of  about 250 l b s  p e r  hour .  From t h i s  p o i n t ,  oxygen con ten t  of  t h e  f l u e  
gas was used a s  a guide i n  t h e  changeover. As the c h a r  feed  ra te  w a s  i nc reased ,  
n a t u r a l  gas  t o  each burner  was decreased t o  ma in ta in  a cons t an t  oxygen l e v e l  i n  the  
f l u e  gas.  
t o  provide s t a b l e  flames.  S ince  t h e  burners  are capable  o f  burning pu lve r i zed  
s o l i d  f u e l s  and n a t u r a l  g a s ,  t h e  la t ter  w a s  used a s  t h e  supplemental  f u e l .  Thus, 
the  next ope ra t ion  was de termina t ion  of t h e  minimum amount of n a t u r a l  gas  t o  provide 
s t a b l e  flames. 

During t h i s  pe r iod ,  combustion a i r  f lows  were e s t a b l i s h e d  and 

, 

A l l  of t he  cha r s  f i r e d  i n  t h i s  i n v e s t i g a t i o n  requi red  supplemental  f u e l  

, 
! 

When t h e  des i r ed  cha r  feed r a t e ,  nominally 400 l b s  per  hour,  was reached ,  
n a t u r a l  gas  provided about 25% of  the  t o t a l  thermal inpu t  t o  t h e  fu rnace .  
gas feed t o  each burner  was then  g radua l ly  decreased t o  t h e  minimum amount necessary 
t o  produce s t a b l e  flames,  a s  determined by observa t ion  of  t h e  bu rne r s .  F i n a l  
adjustments were then made on char  feed rate and secondary a i r  t o  provide  t h e  
des i r ed  excess  a i r  l e v e l  f o r  t h e  tes t  per iod .  

Natura l  

Char used i n  t h i s  i n v e s t i g a t i o n  was produced i n  an  en t r a ined  ca rbon ize r  us ing  
Utah King HVBA a s  t h e  pa ren t  coa l .  
ba tches ,  each ba tch  y i e l d i n g  a d i f f e r e n t  v o l a t i l e - l e v e l  c h a r ,  nominally 5 ,  12 ,  and 

\ 15 percent  by weight.  During each combustion t e s t ,  a char  sample was taken  from ' t he  primary a i r - f u e l  stream us ing  a small  cyc lone  sampler,  t he  t i p  of which ex- 
tended i n t o  the  c e n t e r  of  t he  r e c i r c u l a t i o n  loop. A t y p i c a l  a n a l y s i s  o f  cha r  o f  
each v o l a t i l e  l e v e l  and of t h e  parent  coa l  i s  given i n  Table I .  

About 50 t o n s  o f  c o a l  were processed  i n  3 

t\ 
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TABLE I.- Typical a n a l y s e s  of cha r s  and pa ren t  c o a l  

LOW Medium High Utah 
v o l a t i l e  v o l a t i l e  v o l a t i l e  King mine 

cha r  cha r  cha r  c o a l  

Proximate,  wt -pc t ,  as r ece ived  

Moisture 
V o l a t i l e  matter 
Fixed carbon 
Ash 

0.8 
5.1 

80.9 
13.2 

2.8 2.6 4.9 
12;o 15 .1  44.0 
73.2 72.0 45.9 
12.0 10 .3  5.2 

Ul t ima te ,  wt-dct,  as rece ived  

Carbon 
Hydrogen 
Nitrogen 
Su l fu r  
Oxygen 
Ash 

81.6 75.9 75.5 72.3 
1.0 2.3 3.0 5.8 
1.4 1 . 7  1.8 1.3 
0 . 5  0.6  0 . 6  0.5 
2.3 7.5 8.8 14.9 

13.2 12.0 10.3 5.2 

Discuss ion  of R e s u l t s  

Supplemental f u e l  requi rements  va r i ed  f o r  each v o l a t i l e  l e v e l  and, t o  a l e s s e r  
degree ,  f o r  each set o f  combustion cond i t ions  wi th in  a v o l a t i l e  l e v e l .  Minimum 
f u e l  requirements,  determined a s  percent  of t o t a l  en tha lpy  i n p u t  a r e  showh g raph ic ly  
i n  F ig .  4. The p l o t  shows t h a t  minimum supplemental  f u e l  depends somewhat upon t h e  
amount o f  prehea t  i n  combustion air. Ex t rapo la t ion  o f  t h e  curves  i n d i c a t e s  t h a t  
v o l a t i l e  matter con ten t  i n  excess  of 20% is  r equ i r ed  f o r  combustion of t h i s  cha r  
wi thout  supplemental f u e l  add i t ion .  

Combustion t e s t s  were performed according t o  a f a c t o r i a l l y  designed program 
us ing  t h r e e  independent v a r i a b l e s ,  each at two l e v e l s ,  as follows: 

* 
V a r i a b l e s  Levels 

Excess a i r  5 and 20% 
Secondary a i r  p rehea t  
Degree o f  p u l v e r i z a t i o n  80 and 95% t h r u  200 mesh 

600' and 700% 

*Supplemental f u e l ,  as percen t  of total  h e a t  i n p u t ,  w a s  a l s o  a v a r i a b l e ,  
b u t  a s  i n d i c a t e d  above, i t  was not an independent v a r i a b l e .  r ,  

When minimum a u x i l i a r y  f u e l  requirements were m e t ,  cha r s  of each v o l a t i l e  l e v e l  
burned wi th  very s t a b l e  flames.  Table  I1 is a swmnary of the experimental  d a t a  from 
t h e  combustion tests. Carbon combustion e f f i c i e n c i e s  g r e a t e r  than  99% were obta ined  
wi th  cha r  conta in ing  15% v o l a t i l e  ma t t e r .  Even with the  more  undes i r ab le  combustion 
variables--low a i r  p r e h e a t ,  l o w  excess  a i r ,  and l a r g e  f u e l  p a r t i c l e  s i z e ,  t h e  low 
v o l a t i l e  char y i e lded  about  94% carbon combustion e f f i c i ency .  

~ 

, 
/ ,  

Figure  5 shows t h e  e f f e c t  of v o l a t i l e  matter con ten t  on carbon combustion 
e f f i c i e n c y ,  with excess a i r  and f u e l  p a r t i c l e  s i z e  as combustion parameters.  While 
t h e  experiments were f a c t o r i a l l y  designed f o r  each v o l a t i l e  l e v e l  of cha r  ind iv idu-  
a l l y ,  t h e  da t a  were sub jec t ed  t o  r e g r e s s i o n  a n a l y s i s ,  s ince  t h i s  type o f  a n a l y s i s  
permi t ted  add i t ion  o r  t r ans fo rma t ion  of v a r i a b l e s ,  and ana lyses  of a l l  of the da t a  
a s  a s i n g l e  block. The ana lyses  y i e lded  an equat ion  a s  follows: 

f 
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31 
32 
33 
34 
35 
36 
37 
38 
91 
92 * 

93 
94  
95 
96 
97 
98 

151 
152 
153 
154 
155 
156 
157 
158 

TABLE 11.- Summary o f  exper imenta l  d a t a  

' . Degree of  . V o l a t i l e  Percent  
pu lve r i -  A i r  matter Carbon o f  t o t a l  

Obser - Excess z a t i o n ,  p rehea t  con ten t  combustion h e a t  input  
v a t  ion  a i r ,  p c t ,  th ru  temp., pe rcen t ,  e f f i c i e n c y ,  i n  n a t u r a l  

No. pc t 200 mesh "F as f i r e d  p c t  gas 

19.6 95.2 
5 .4  95.2 

10.6 94.9 
5 .4  94.9 

19.0 80.1 
4.9 80.1 

19.6 80 .3  
4.9 80.3 

19.6 95.1 
4.9 95.1 

20.2 95.0 
5.0 . 95.0 

20.3 79.8 
4.9 19 .8  

20.3. r 80.2 
4.9 80.2 

19.6 95.0 
5.4 95.0 

18 .2  94.9 
4.9 94.9 

18.9 79.9 
4.9 79.9 

19.6 80.0 
4.9 80 .0  

7 00 
695 
600 
600 
605 
600 
69 0 
69 5 
7 00 
695 
605 
600 
600 
600 
69 0 
69 0 

,700 
7 00 
600 
600 
600 
600 
705 
69 5 

5 .2  
5 .2  
4.7 
4.7 
5.0 
5.0 
5.6 
5.6 

12 .5  
12.5 
11.9 
11.9 
12.1 
12.1 
11.5 
11.5 
15.3 
15.3 
16.0 
16.0 
14.9 
14.9 
14.9 
14.9 

97 .5  15.4 
95.5 15.0 
97.2 14 .6  
95.2 15.2 
95.3 15.2 
93 .8  14.8 
95.7 15.2 
94.0 14.7 
98.7 12.0 
97.5 11.9 
98.3 13.0 
97.2 13.2 
97.3 13.9 
95.7 13.8 

96.0 12.3 
99.8 8.9 
99.5 9 .6  
99.5 10.9 
99.2 10.4 
99 .1  10.8 
98.1 11.0 
99.4 9.2 
98.5 9.5 

97.5 ' ' i i . 8  

Carbon combustion e f f i c i e n c y  = 85.5 + .077A + .067B + .00347C + 1.3 x 

where A = excess  a i r ,  pe rcen t  

D2 + .0007E 

B = degree  of p u l v e r i z a t i o n ,  percent  t h ru  200 mesh 
C = hea t ing  v a l u e  of v o l a t i l e  i n  c h a r ,  B tu / lb  cha r  a s  f i r e d  

E = thermal inpu t  i n  preheated a i r ,  B tu / lb  char .  
D = (C - 1400) 

Heat ing va lue  of v o l a t i l e  i n  the  c h a r ,  C ,  w a s  c a l c u l a t e d  by d i f f e r e n c e  i n  the  
hea t ing  va lue  of t h e  cha r  and the  hea t ing  va lue  of  t h e  f ixed  carbon i n  t h e  c h a r ,  
assuming 14,500 B tu / lb  of f ixed  carbon. 

Of i n t e r e s t  i n  t h e  equat ion  i s  t h e  absence  of  a term showing the e f f e c t  of t h e  
n a t u r a l  gas  used t o  provide flame s t a b i l i z a t i o n .  A s  t he  v o l a t i l e  matter con ten t  of 
the  cha r  was decreased ,  i t  was necessary t o  inc rease  t h e  pe rcen t  of  t o t a l  h e a t  i n p u t  
suppl ied  by n a t u r a l  gas i n  o rde r  t o  main ta in  a s t a b l e  flame. The percent  of hea t  
input  suppl ied  by n a t u r a l  g a s  was not an independent v a r i a b l e .  Accordingly,  t he  
e f f e c t  of n a t u r a l  gas  i s  included i n  the  e f f e c t  o f  t h e  hea t ing  va lue  i n  t h e  v o l a t i l e  
of t h e  char .  

Analyses of t h e  d a t a  i n d i c a t e  t h a t  excess  a i r ,  degree  of p u l v e r i z a t i o n ,  h e a t i n g  
va lue  of t h e  v o l a t i l e  i n  t h e  c h a r ,  and t h e  quadra t i c  e f f e c t  of t h e  h e a t i n g  va lue  of 
t h e  v o l a t i l e  i n  t h e  cha r  a r e  about equa l ly  important,  wh i l e  a i r - p r e h e a t  temperature 
i s  of margina l  s ign i f i cance .  
i s  expla ined  by the  equat ion .  

.Over 95% of  t h e  v a r c a t i o n  i n  carbon combustion e f f i c i e n c y  
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Conclusions 

The combustor used i n  t h i s  i n v e s t i g a t i o n  s imula ted  the  ope ra t ion  of a d ry -  
bottom, h o r i z o n t a l l y - f i r e d  , pulver ized-coa l  furnace .  When f i r e d  i n  t h i s  u n i t ,  cha r s  
with about  5% v o l a t i l e  m a t t e r  y i e lded  94-97.5% carbon combustion e f f i c i e n c y ,  whi le  
12% v o l a t i l e  char y i e lded  95.7-98.7%, and 15% v o l a t i l e  char  y i e lded  98.1-99.8% 
carbon combustion e f f i c i e n c y .  The ranges o f  carbon combustion e f f i c i e n c y  were t h e  
e f f e c t  of t h e  combustion parameters--excess a i r ,  f u e l  p a r t i c l e  s i z e ,  and secondary 
a i r  p rehea t .  As  expec ted ,  h ighe r  excess  a i r  and h ighe r  prehea t  with f i n e  p a r t i c l e  
s i z e  y i e lded  higher e f f i c i e n c i e s .  
f u e l  t o  provide  flame s t a b i l i z a t i o n .  
en tha lpy  i n p u t ,  was about  10,  13,  and 15% n a t u r a l  gas  f o r  c h a r s  con ta in ing  15, 12, 
and 5% v o l a t i l e  matter, r e s p e c t i v e l y .  It appears  t h a t  a v o l a t i l e  matter con ten t  i n  
excess  of 20% i s  necessary  f o r  combustion of t h e s e  c h a r s  wi thout  supplemental  f u e l .  
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DETECTION OF METKAIiE COMBUSTION WITH APPLICATIONS TO 

QUENCHING COAL MINE EXPLOSIONS 

By J .  E.  Nealy" and W .  L.  Grose"" 

XASA Langley Research Center, Hampton, Vi rg in ia  

ABSTRACT 

A device developed by t h e  U.S. Bureau of Mines f o r  t h e  de tec t ion  and 

quenching of c o a l  mine explosions s u f f e r s  from t h e  i n a b i l i t y  t o  discr iminate  

between the l i g h t  emitted from hydrocarbon combustion and t h a t  emitted by 

e l e c t r i c a l  sparks and miner 's  cap lamps. Since t h e  quenchant device i s  

a c t i v a t e d  by an i n t e r n a l  explosive charge, t h e  p o s s i b i l i t y  of se r ious  in jury  

t o  nearby personnel demands a de tec tor  which can r e j e c t  f a l s e  s igna ls .  

Described here in  is a device which can provide a rap id  response s igna l  upon 

t h e  emission of  r a d i a t i o n  from hydrocarbon combustion and 'concurrently r e j e c t  

s p r i o u s  s lgnals  from such sources  as sparks  and cap lamps. 

NOMENCLATURE 

Planck blackbody funct ion - watts/cm 2 -?.I 
Bh 

2 .  I i n t e n s i t y  - watts/cm 

s p e c t r a l  emission c o e f f i c i e n t  f o r  bandpass Ah - w a t t s / p a r t i c l e  j A i  
number d e n s i t y  of OH p a r t i c l e s  - par t ic les /cm 3 

nOH 

V volume - cm 3 

absorpt ion c o e f f i c i e n t  - cm-l par t ic le- '  PA 
w s o l i d  angle  - s te rad ians  

- - 
*Aerospace Engineer, Hypervelocity Impulse F a c i l i t i e s  Sect ion,  Hypersonic 

Vehicles Divis ion.  

""Aerospace Engineer, Flow Fie ld  Kinet ics  Sec t ion ,  Hypersonic Vehicles Division 
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INTRODUCTION 

The accumulation of methane gas i n  a c o a l  mine c o n s t i t u t e s  an ever 

present  explosion hazard. The methane i s  a by-product of t h e  decomposition 

process which forms t h e  coa l .  

t h e  c r i t i c a l  range of approximately 5-12 percent an explosion can occur. 

I f  t h e  concentrat ion of methane i n  air reaches 

Methane l e v e l s  a r e  customarily cont ro l led  by forced v e n t i l a t i o n ,  but t h i s  

i s  not completely successful  i n  preventing loca l ized  concentrat ions i n  t h e  

c r i t i c a l  range. 

An explosion takes  a f i n i t e  t i m e  period (on t h e  order of mi l l i seconds)  

t o  develop a f t e r  i g n i t i o n  of t h e  methane. The U.S. Bureau of Mines has  

developed a device f o r  de tec t ing  and quenching t h e  developing explosion by 

discharging potassium bicarbonate i n  i t s  path ( r e f s .  1 and 2 ) .  

device i s  unable t o  discr iminate  between l i g h t  emitted from methane combustion 

and t h a t  emitted by e l e c t r i c a l  sparks  or miner 's  cap lamps. Since t h e  

quenchant device i s  dispersed by an i n t e r n a l  explosive charge, t h e  p o s s i b i l i t y  

of ser ious in jury  t o  nearby personnel demands a de tec tor  which can reject 

f a l s e  s igna ls .  It was suggested by R .  L. Trimpi, Assis tant  Chief, Hypersonic 

However, t h e  

Vehicles Division, Langley Research Center, t h a t  t h i s  d i f f i c u l t y  might be 

surmounted by developing a de tec tor  which would operate  on t h e  p r i n c i p l e  of 

monitoring t h e  rad ia t ion  i n t e n s i t y  emitted from two separate  s p e c t r a l  regions 

and ra t io ing  t h e  i n t e n s i t i e s  . Such a de tec tor  would provide a rapid 

response s i g n a l  a f t e r  sensing t h e  emission of r a d i a t i o n  from t h e  hydrocarbon 

combustion and concurrently r e j e c t  spurious s i g n a l s  from sparks and cap 

lamps due t o  t h e  d i f fe rences  i n  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  of t h e  

emissions. 



A s e r i e s  of experiments are described for methane-air combustion which 

i l l u s t r a t e  t h e  v a l i d i t y  of such an approach. Estimates of t h e  spec t r a l  

i r r ad iance  of t h e  combustion event are presented, thereby determining t h e  

requi red  s e n s i t i v i t y  of t h e  device.  

A c y l i n d r i c a l  (3.8" diameter x 12") s t a i n l e s s  steel shock tube t e s t  

s ec t ion  was used as a combustion chamber. 

quar tz  windows (2" diameter) on e i t h e r  s ide,  a p i ezoe lec t r i c  pressure  t rans-  

ducer,  and two s t e e l  e lec t rodes .  A 10 k i lovo l t  capac i tor  discharged across  - 

t h e  e l ec t rodes  provided a sub-microsecond dura t ion  spark t o  i g n i t e  t h e  gas 

The  test sec t ion  was equipped with 

mixture within.  

The des i red  p a r t i a l  p re s su res  of methane and air  were obtained by 

us ing  a Wallace and Tiernan  0-800 mm Hg pressure  gauge with which pressures  

could be determined t o  an accuracy of 112 mm Hg. 

with a t o t a l  p ressure  of 1 atmosphere i n  t h e  chamber. 

t h e  wall pressure  was measured during combustion wi th  a Kistler Model 701 

Quartz Pressure Transducer and Charge Amplifier. 

A l l  t e s t s  were conducted 

The time h i s t o r y  of 

The r ad ia t ion  emit ted during combustion was observed v l t h  J a r r e l l  Ashe 

1 / 4  meter monochromators placed symmetrically on e i t h e r  s i d e  of t h e  test 

sec t ion .  

e x i t  slits were 500 p i n  width. Radiation emerging from t h e  e x i t  s l i ts  

was de tec ted  with RCA 1P28 photomultiplier tubes.  

The monochrcrmator d i spe r s ion  was 33 l /m and both entrance and 

A Phi lbr ick  Model 

Q3M1P opera t iona l  ampl i f i e r  was used t o  r a t i o  t h e  output vo l tage  from t h e  

two s p e c t r a l  channels. All s i g n a l  vo l tages  were recorded on Tektronix 

Models 551 and 556 osc i l loscopes .  

I 
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A schenatic diagram of t h e  experimental apparatus i s  shown i n  f i gu re  1. 

RESULTS 

A survey of t h e  flame spectrum of methane showed t h a t  a p a r t i c u l a r l y  

strong emission occurred from t h e  OH 0-0 band head a t  3064 1, and t h a t  a 

region of r e l a t i v e l y  low emission ex i s t ed  nearby a t  3000 x .  
i sn i t i ons  were performed with the  monochromators set  on these  channels to  

check consistency, and i n  a l l  ca ses  were found t o  repeat  w e l l ,  w i th  an 

approxinate i n t e n s i t y  r a t i o  of 6:1, and a peak w a l l  pressure of 75 ps i a .  

An oscil loscope t r a c e  made during one of t hese  t e s t s  i n  a s toichiometr ic  

mixture of rrethane and a i r  i s  shown i n  f i g u r e  2.  

Several  

Next, a series of i gn i t i ons  was ca r r i ed  out i n  which t h e  i n i t i a l  

p a r t i a l  pressure of methane w a s  var ied through t h e  combustion range of 

5-12 percent.  In  these  t e s t s ,  it w a s  found t h a t  t h e  6 : 1  i n t e n s i t y  r a t i o  

w a s  epproximately maintained, even though t h e  relative i n t e n s i t i e s  var ied 

considerably with i n i t i a l  CH concentration. A p l o t  of r e l a t i v e  peak 

in t ens i ty  fo r  both channels as a funct ion of  i n i t i a l  p a r t i a l  pressure of 

.-.ethane i s  shown i n  f i g u r e  3 ,  along with t h e  peak w a l l  pressure  v a r i a t i o n .  

4 

Figures 4 and 5 i l l u s t r a t e  t he  e l ec t ron ic  r a t i o  of t h e  s igna l s  of 

t h e  two spec t r a l  channels. The records of f i g u r e  4 were made with t h e  

nonochromators a t  t h e  norrnal t e s t  configurat ion 6 inches from t h e  t e s t  

sec t ion  cen te r l ine ,  while those of f igu re  5 correspond t o  a pos i t i on  18 

inches from t h e  cen te r l ine .  I t  is seen t h a t  even though t h e  r e l a t i v e  

i n t e n s i t i e s  have been g rea t ly  reduced, u se  of t h e  operat ional  amplif ier  t o  

d iv ide  t h e  incoming phototube s igna l s  minimizes t h e  va r i a t ion  of output 

s igna l  as a funct ion of source de t ec to r  d i s tance .  
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For l i g h t  sources emit t ing r a d i a t i o n  i n  both channels, such as t h e  

incandescent lamp continuum on t h e  many-line spectrum of i r o n ,  t h e  s i g n a l  

r a t i o  should be s i g n i f i c a n t l y  reduced. 

outputs  f o r  a 200 wat t  tungsten lamp and t h e  corresponding r a t i o e d  s i g n a l  

from t h e  opera t iona l  ampl i f ie r .  Similar  r e s u l t s  a r e  obtained f o r  an i r o n  

a rc  source, as  shown i n  f i g u r e  7 .  

Figure 6 shows t h e  ind iv idua l  channel 

The  components used i n  t h e  "bread-board'' experiment immediately suggest 

t h e  use of  more compact and l e s s  expensive s p e c t r a l  r a t i o i n g  devices  as a 

hydrocarbon combustion d e t e c t o r .  For example, narrow band in te r fe rence  

f i l t e r s  placed i n  f r o n t  of  s o l i d - s t a t e  photodetectors  equipped with an 

e l e c t r o n i c  divider  c i r c u i t  could be operated from a c e n t r a l  power supply 

or op t iona l ly  from a self-contained b a t t e r y  pack. Elec t ronic  d iv iders  

a r e  commercially a v a i l a b l e  i n  wafer s i z e  in tegra ted  c i r c u i t s ,  as a r e  25 A 
0 

, 

bandpass f i l t e r s  i n  t h i s  wavelength region.  

I n  order  t o  assess t h e  s e n s i t i v i t y  requirements of such a prototype,  

t h e  i n t e n s i t y ,  I ,  received a t  t h e  d e t e c t o r  may be approximated by t h e  

following: 

n W V  jnhUh BA dX OH 471 471 j A X  
I - "OH 

where jAx 

of t h e  emission c o e f f i c i e n t  of an OH p a r t i c l e  and i s  a funct ion of 

temperature only. 

i s  t h e  i n t e g r a l  over t h e  spec i f ied  bandpass (.3064 - -3089 U) 

This  func t ion  has been ca lcu la ted  from t h e  absorpt ion 

c o e f f i c i e n t  t a b u l a t i o n s  of  re ference  3 and i s  presented i n  f i g u r e  8. 

This information, along with t h e  number dens i ty  of OH p a r t i c l e s  i n  

burning volume V a t  temperature  T ,  and t h e  s o l i d  angle ,  0, subtended 
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by t h e  de tec tor ,  may be used t o  approximately determine t h e  s e n s i t i v i t y  

requirement of a photodetector. 

of OH as .02 a t  flame temperature 1960' K f o r  a methane-air mixture a t  

1 a t m .  pressure. Choosing a representa t ive  volume of 28400 cm (1 f t  ) 

and s o l i d  angle  of 

Reference 4 gives  t y p i c a l  mole f r a c t i o n s  

3 3 

1 = 1 [7.5(10)16 . 10-5 - 2 . 8 4 ( 1 0 1 ~  1 0 - ~ 3 1  = 

The RCA 1P28 photomultipliers used have a photosens i t iv i ty  r a t i n g  of 

5 about 50 m a / w a t t  a t  . 3 ~  and a current  gain of 2 (10) . This  r e s u l t s  in. a 

cathode current  of .1 m a ,  which through a 1 0  K output r e s i s t o r  suppl ies  

1 v o l t  s igna l  t o  t h e  d iv ider ,  which i s  more than  adequate. 

CONCLUSIONS 

It has been demonstrated t h a t  methane combustion produces much g r e a t e r  

emission near .3064 P than  a t  .3000 P, whereas e l e c t r i c  sparks  and, 

incandescent lamps possess near ly  constant  emission levels i n  t h e s e  s p e c t r a l  

regions. Therefore, a de tec t ion  scheme based on t h e  r a t i o  of t h e  emission 

a t  these wavelengths can discr iminate  between methane combustion and t h e  

i n t e r j e c t i o n  of an incandescent lamp or a n  e l e c t r i c  spark i n  t h e  o p t i c a l  

f i e l d  of view. Estimates of t h e  s p e c t r a l  i r rad iance  of methane combustion 

have been made and ind ica te  adequate de tec tor  s e n s i t i v i t y  f o r  representa t ive  

\ 

\ condi t ions.  

Although these experiments were conducted f o r  CHq combustion, the  

detect ion apparatus should respond s i m i l a r l y  f o r  o ther  hydrocarbon combustion 

processes due t o  formation of t h e  OH r a d i c a l .  \ 
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ANALYTICAL RELATIONSHIPS FOR THE INFLUENCE OF 
PARTICLE SIZE ON PRECIPITATOR DESIGN 

by 
Robert G. Kunz and Owen T. Hanna 

I n t r o d u c t i o n  -- 
The r e a l i s t i c  design of many types of p a r t i c u l a t e  c o l l e c t i o n  devices  

involves  cons idera t ion  of t h e  inf luence  of p a r t i c l e  s i z e  d i s t r i b u t i o n .  For 

on e l e c t r o s t a t i c  p r e c i p i t a t o r ,  t h i s  in f luence  is a p p r o p r i a t e l y  expressed by 

t h e  i n t e g r a t i o n  of t h e  Deutsch equat ion f o r  a log-normal p a r t i c l e  s i z e  d i s t r i -  

bu t ion .  The i n t e g r a l  which must be evaluated i n  such cases  depends on s e v e r a l  

parameters  and cannot be evaluated e x a c t l y  i n  terms of elementary func t ions .  

A numerical t a b u l a t i o n  of t h e  i n t e g r a l  f o r  a l l  parametr ic  cases  of i n t e r e s t ,  

whi le  f e a s i b l e ,  poses a cons iderable  numerical  i n t e r p o l a t i o n  problem and is 

not  very s u i t a b l e  f o r  computer izat ion.  

I n  order  t o  express  the  i n t e z r a l  s i m p l y  and accura te ly ,  asymptotic 

methods a r e  employed i n  t h i s  paper. These methods produce a n a l y t i c a l  

approximations which .a re  expressed i n  terms of w e l l  known f u n c t i o n s  and t!ie 

s o l u t i o n  of a c e r t a i n  nonl inear  a l g e b r a i c  equat ion .  

c a l c u l a t i o n s  are given h e r e  i n  forms s u i t a b l e  f o r  eiLher hand o r  computer 

c a l c u l a t i o n s .  Comparison wi th  numerical  c a l c u l a t i o n s  shows t h a t  t h e  r e s u l t s  

of t h e  asymptotic a n a l y s i s  a r e  a p p l i c a b l e  f o r  v i r t u a l l y  a l l  cases  of p r a c t i c a l  

i n t e r e s t .  

Resul t s  of t h e s e  

E l e c t r o s t a t i c  P r e c i p i t a t o r  Theory 

I n  an e l e c t r o s t a t i c  p r e c i p i t a t o r ,  suspended d u s t  p a r t i c l e s  i n  a 

gas  a r e  e l e c t r i c a l l y  charged and migra te  t o  c o l l e c t i n g  s u r f a c e s  where they 

are captured.  

gas  under the  inf luence  of an e l e c t r i c  f i e l d  produces t h e  fol lowing expression 

f o r  the  p a r t i c l e  migrat ion ve loc i ty :  

A f o r c e  balance on a s i n g l e  charged p a r t i c l e  i n  a qu iescent  



- 122 - 
' E o E  d w =  

47111 

The c o l l e c t i o n  e f f i c i e n c y  of a p r e c i p i t a t o r  i n  t u r b u l e n t  f low is  then given 

-APw/Q 
by t h e  Deutsch equat ion  

n n 1 - e  

However, the v a l u e  of w c a l c u l a t e d  accord ing  to  f i r s t  p r i n c i p l e s  

from eqn. (1) w i t h  i t s  under ly ing  s i m p l i f y i n g  assumptions may b e  s e v e r a l  

t i m e s  too high because of e f f e c t s  unaccounted f o r  i n  i t s  der iva t ion , ,  

i n c l u d e  m u l t i p l e  p a r t i c l e s ,  uneven gas  d i s t r i b u t i o n ,  p a r t i c l e  reentrainment ,  

' These 

11, 12 * and h igh  dus t  r e s i s t i v i t y ,  as comprehensively d iscussed  by White. 

Therefore ,  t o  p r e d i c t  t h e  o p e r a t i o n  of an  a c t u a l  p r e c i p i t a t o r ,  t h e  

t h e o r e t i c a l  m i g r a t i o n  v e l o c i t y  i s  rep laced  by a p r e c i p i t a t i o n  ra te  cons tan t  

based on experience. 6 -- - 

Log-Normal P a r t i c l e  S i z e  D i s t r i b u t i o n  --. 

\ Moreover, t h e  p a r t i c l e s  encountered i n  p r a c t i c e  are n o t  uniform 

i n  s i z e  as w e  have so f a r  t a c i t l y  assumed, b u t  r a t h e r  are made up of a 

cont inuous d i s t r i b u t i o n  of s i z e s .  S p e c i f i c a l l y ,  most powders of i n d u s t r i a l  

s i g n i f i c a n c e  are log-normally d i s t r i b u t e d .  

a given diameter  p a r t i c l e  p l o t t e d  a g a i n s t  t h e  logari thm of t h a t  s i z e  produces 

t h e  f a m i l i a r  bel l -shaped curve.  A l t e r n a t i v e l y ,  t h e  logari thm of t h e  p a r t i c l e  

d iameter  (d ) graphs as  a s t r a i g h t  l i n e  a g a i n s t  cumulat ive weight percent  less 

than  t h a t  s i z e .  An example of t h e  lat ter p l o t  is shown i n  Figure 1. Rro 

parameters ,  t h e  mass median diameter  (2 ) and t h e  geometric s tandard  devia t ion  

The frequency of occurrence of 

I( P 

P 

(01 completely s p e c i f y  t h e  d i s t r i b u t i o n .  

diameter  a t  t h e  50% p o i n t ,  and u is given by e i t h e r  of t h e  fol lowing r a t i o s :  

The mass median diameter  is the  
? 
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\ 

- 
d I d  a t  15.9X o r  d a t  8 4 . 1 2 / 2  

P P  P P 

A more complete ex2lana t ion  of f i n e  p a r t i c l e  s t a t i s t i c s  i s  conta ined  else- 

where. 5 

Col lec t ion  Eff ic iency  Log-Normal D i s t r i b u t i o n  

By lumping a l l  non-size r e l a t e d  q u a n t i t i e s  i n t o  one parameter 

E ' E  A k =  o p p 
4nuQ 

eqn. ( 2 )  can be  w r i t t e n  

Eqn. ( 4 )  is  exponent ia l  

func t ion ,  shown i n  Fig. 

(4) -kdp r~ = 1-e 

i n  c h a r a c t e r  a l though k,  l i k e  w, is  empir ica l .  This  

2 ,  i s  an example of  t h e  so-cal led grade  e f f i c i e n c y  

curve d iscussed  by  Stairmand. '-lo Typical ly ,  l a r g e r  p a r t i c l e s  are c o l l e c t e d  

much more r e a d i l y  than smaller ones. 

With t h e  grade-eff ic iency func t ion  def ined,  t h e  c o l l e c t i o n  e f f i c i e n c y  

f o r  each ind iv idua l  p a r t i c l e  s i z e  i n  t h e  d i s t r i b u t i o n  is  completely determined. 

The o v e r a l l  e f f i c i e n c y  of c o l l e c t i o n  ( n )  is obta ined  by summing up t h e s e  

i n d i v i d u a l  c o n t r i b u t i o n s  , 

- 
where a : kd and b E in 

P 

Although a t t e n t i o n  has  been focused cn e l e c t r o s t a t i c  p r e c i p i t a t o r s ,  

t h e  technique t o  b e  o u t l i n e d  below a p p l i e s  a s  w e l l  t o  o t h e r  types of  

p a r t i c u l a t e  c o l l e c t i o n  devices  whose grade-eff ic iency curves  can b e  approximated 
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by eqn. (4). T y p i c a l  g r a d e - e f f i c i e n c i e s  r e p l o t t e d  on semi- logari thmic 

c o o r d i n a t e s  from Sta i rmand ' s  t a b u l a t i o n s  and curves  a re  shown i n  F i g .  3 

f o r  s e v e r a l  such d e v i c e s .  I n c r e a s i n g l y  e f f i c i e n t  c o l l e c t i o n  i s  r e f l e c t e d  

by a l a r g e r  v a l u e  of k. 

. 

Numerical I n t e g r a t i o n  

The i n t e g r a l  o f  eqn. (5) can  b e  computed d i r e c t l y  by numerical  

q u a d r a t u r e , . r e s u l t i n g  in  the curves  presented  i n  Fig., 4. 

t h e s e  curves w i l l  b e  e n t i r e l y  s a t i s f a c t o r y .  

c o l l e c t i o n  e f f i c i e n c y  w i l l  b e  d e s i r e d  f o r  a set of i n p u t  parameters  a 

and b n o t  cor responding  e x a c t l y  t o  any of t h e s e  curves ,  r e q u i r i n g  e i t h e r  a n  

i n t e r p o l a t i o n  o r  a c o m p l e t e  numerical  re -eva lua t ion  of the i n t e g r a l .  

For some purposes ,  

More than  l i k e l y ,  however, 

I n  

_ _  o t h e r  words, t h e  f u n c t i o n a l  dependence of  t h e  e f f i c i e n c y  on t h e  i n p u t  

parameters  is n o t  shown e x p l i c i t l y :  

a n a l y t i c a l  approximat ions  f o r  t h i s  i n t e g r a l  have been developed. 

For t h i s  reason ,  s imple and a c c u r a t e  

-_ 
-t 2 - a e  b t  

\ 
Approximate R e p r e s e n t a t i o n  of JZ;; d t  z I 

. This  i n f i n i t e  i n t e g r a l  i s  seen  t o  convergs f o r  a l l  v a l u e s  of 

a and b. The i n t e g r a n d  -+ 0 f o r  b o t h  t -+ -03 and t -+ - and thus ,  Bince t h e  

i n t e g r a n d  is always p o s i t i v e ,  i t  must have a maximum v a l u e  a t  some p o i n t  

t*. 

r e q u i r e s  t h a t  

A t  the  maximum p o i n t  t*, t h e  u s u a l  c o n d i t i o n  f o r  a n  i n t e r i o r  maximum 

(6) b t *  ~ 0 t* + a b s  

It is e a s i l y  v e r i f i e d  t h a t  t h e r e  can b e  b u t  one maximum p o i n t  t* f o r  any 

g iven  set of v a l u e s  of a and b.  Thus  t* depends on both  a and b.  However, 

by changing t h e  v a r i a b l e s  t o  t* 5 a1'2 u* and C 3 a1'2 b, eqn. (6) is reduced 

. t o  a form i n v o l v i n g  t h e  s i n g l e  parameter  C a s  fol lows:  



, 
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u* + C e  cu* E 0 ( 7 )  

Since  t h e  integrand involves  exponent ia l s ,  i t  i s  n a t u r a l  t o  hope 

t h a t  by i n v e s t i g a t i n g  t h e  maximum of t h e  in tegrand  and s u i t a b l y  changing 

v a r i a b l e s ,  t h e  o r i g i n a l  i n t e g r a l  might be  transformed t o  one of  t h e  

Laplace type,  which could then b e  eva lua ted  approximately f o r  c e r t a i n  l i m i t -  

i n g  va lues  of  a o r  b .2  

type  does not  y i e l d  t h e  d e s i r e d  Laplace i n t e g r a l ,  b u t  t h e  t ransformat ion  is  

n e v e r t h e l e s s  extremely u s e f u l  s i n c e  i t  does l e a d  u l t i m a t e l y  t o  a r e s o l u t i o n  

of  t h e  o r i g i n a l  problem. 

However, i n  t h i s  problem a t ransformat ion  of t h i s  

Some d e t a i l s  of  t h e  a n a l y s i s  involved i n  approximating t h e  i n t e g r a l  

are  given i n  t h e  appendix f o r  t h e  reader  who i s  i n t e r e s t e d .  Here we will 

present  t h e  e s s e n t i a l  r e s u l t s  of  t h e  a n a l y s i s .  F i r s t  we n o t e  t h a t  t h e  

approximation formulas depend on t h e  s o l u t i o n  of nonl inear  eqn. ( 7 ) .  The 

s o l u t i o n  of t h i s  equat ion  i s  i n d i c a t e d  g r a p h i c a l l y  i n  Fig.  5.  Approximate 

a n a l y t i c a l  s o l u t i o n s  of t h i s  equat ion a c c u r a t e  t o  b e t t e r  than 5% are developed 

i n  Appendix I. These approximations may be used d i r e c t l y ,  o r ,  i f  more 

accuracy i s  des i red ,  they may b e  used a s  f i r s t  guesses  f o r  i t e r a t i o n  schemes 

t h a t  are a l s o  o u t l i n e d  i n  t h i s  appendix. This approach i s  very  a t t r a c t i v e  

f o r  use  on t h e  d i g i t a l  computer. 

The most u s e f u l  approximation of  t h e  o r i g i n a l  i n t e g r a l  I is  a s  

fol lows:  

2 2  -A b A 

(l+Ab2)1'2 

-- - 
I ' e  2 ( a  + =, a -t 0 ,  b -PO) 
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The q u a n t i t y  A i n  eqn. (8) is r e l a t e d  t o  t h e  s o l u t i o n  of nonl inear  eqn. (7 )  

s i n c e  Ab2 I -CU* and t h e  s o l u t i o n  of eqn. (7)  i s  expressed i n  terms of t h i s  

q u a n t i t y  . 
Eqn. (8) i s  a simple express ion  which approximates t h e  o r i g i n a l  

i n t e g r a l  very  wel l ,  as shown i n  Table 1. I n  Appendix 11, i t  is  proved t h a t  

eqn. (8) is v a l i d  i n  t h e  l i m i t  of e i t h e r  a + -, a + 0, o r  b + 0. The f a c t  

t h a t  eqn. (8) a p p l i e s  f o r  so many l i m i t i n g  c a s e s  g i v e s  some reason f o r  i ts  

e x c e l l e n t  agreement w i t h  numerical r e s u l t s  over  such a wide range of  a and 

b va lues .  Except f o r  t h e  i m p r a c t i c a l  c a s e  of  l a r g e  b(1og-normal p r o b a b i l i t y  

p a r t i c l e  s i z e  d i s t r i b u t i o n  approaching a v e r t i c a l  l i n e ) ,  t h e  approximation 

would produce r e s u l t s  c o i n c i d e n t  with the  curves  of Fig.  4. 

Eqn. ( 8 )  r e p r e s e n t s  t h e  f i r s t  approximation o f  gn asymptot ic  

expansion f o r  t h e  l i m i t i n g  c a s e s  quoted, and i t  is g e n e r a l l y  p o s s i b l e  t o  

i n c r e a s e  t h e  accuracy of t h e  approximation by adding i n  some c o r r e c t i o n  terms. 

However, adding only  the n e x t  uniformly v a l i d  c o n t r i b u t i o n  f o r  a + 0, a + m ,  

b + 0 causes  t h e  formula t o  become very  much more complicated.  Moreover, 

t h e  comparison between eqn. (8) and t h e  numerical  results shown i n  Table 1 

i n d i c a t e s  t h a t  c o r r e c t i o n  terms a r e  n o t  r e a l l y  necessary .  

\ Although eqn. (8) seems t o  r e p r e s e n t  an a p p r o p r i a t e  approximation 

t o  t h e  o r i g i n a l  i n t e g r a l  I f o r  c u r r e n t  needs, i t  i s  d i f f i c u l t  t o  a n t i c i p a t e  

whether some cases  t h a t  seem unimportant now w i l l  prove t o  be s i g n i f i c a n t  

a t  a l a t e r  time. For t h i s  reason  and f o r  t h e  sake  of completeness,  c e r t a i n  

o t h e r  approximations to I a r e  given i n  Appendix 111, 

i 
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i ‘  
i 

b t  
1 

Approximate Representat ion o f  d t  5 J 

Frequently an estimate of t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  

uncol lected material is  r equ i r ed  i n  a d d i t i o n  to  an o v e r a l l  e f f i c i e n c y  p red ic t ion .  

This would be important where s e v e r a l  c o l l e c t i n g  dev ices  are t o  b e  i n s t a l l e d  i n  

series. For example, i t  is  not  unconunon f o r  cyclones t o  b e  i n s t a l l e d  upstream 

of a p r e c i p i t a t o r .  

p a r t i c u l a t e s  escaping from t h e  cyclones would b e  used a s  t h e  f eed  t o  t h e  

p r e c i p i t a t o r ,  and t h e  c a l c u l a t i o n  r epea ted .  

Iq t h i s  case,  t h e  q u a n t i t y  and d i s t r i b u t i o n  of t h e  

To c a l c u l a t e  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  it is d e s i r a b l e  t o  

approximate the  above i n t e g r a l  where z = h(dp /zp ) /b  is now a parameter i n  

a d d i t i o n  t o  a and b.  It  appears  p o s s i b l e  t o  do t h i s  i n  a manner analogous 

t o  t h a t  f o r  t h e  previous case ( z  + m ) .  Again, 

t h e  appendix (Appendix IV). The r e s u l t  is 

(z+Eb) 
e E +  ., 

2 
-Z - -  

L 2 ( l+b  ‘E) (z<t*) J A e 
n1,/2(1+b2E)1/2 

+b z where E s a e . 

t h e  d e t a i l s  are ind ica t ed  i n  

- 2  
f e-’ d s  

(9) 
~ z+bE s = -- 

21’2(1+b2E) ’I* 

Eqn. (9)  holds  only f o r  z<t * .  For z>t* ,  w e  have i n s t e a d  

\ 

b 

1 
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The approxina t ion  g iven  f o r  J i n  eqns'. (9) and (10) involve  t h e  w e l l  known 

e r r o r  func t ion  which is widely t a b u l a t e d  and f o r  which t h e r e  a r e  s imple  

computer approximations. '  

fol lowing t o  approximate w e l l  t o  t h e  i n t e g r a l  J. 

Formulas (9) and (10) are shown i n  example 1 

v p i c a l  Appl ica t ions  of  the R e s u l t s  

The above f u n c t i o n s  provide a n  a n a l y t i c a l  t o o l  t o  e v a l u a t e  t h e  

e f f e c t  of in le t  p a r t i c u l e  s i z e  d i s t r i b u t i o n  on c o l l e c t i o n  e f f i c i e n c y  a t  

c o n s t a n t  p r e c i p i t a t o r  f low and f i e l d  c o n d i t i o n s .  This t rea tment  i s . i n t e r m e d i a t e  

between t h e  s i m p l i f i e d  Deutsch equat ion based on a uniform p a r t i c l e  s ize , '  

eqn. (2) ,  and a d e t a i l e d  systems a n a l y s i s . 6  The use  of t h e s e  asymptot ic  

r e l a t i o n s h i p s  w i l l  b e  demonstrated i n  the numerical examples given below. 

Example 1 

Problem: 

Compute t h e  o v e r a l l  e f f i c i e n c y  of the p r e c i p i t a t o r  whose grade- 

e f f i c i e n c y  curve is given  i n  Fig.  2 o p e r a t i n g  on t h e  inlet  d u s t  d i s t r i b u t i o n  

shown i n  Fig.  1. Evalua te  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  uncol lec ted  

m a t e r i a l .  

I Solu t ion:  

By r e p l o t t i n g  Fig.  2 on semi-logarithmic c o o r d i n a t e s  as i n  Fig.  3 

and determiiiing the s l o p e ,  one f i n d s  k = 0.46 r e c i p r o c a l  microns. 

dp 
C E a1I2b = 2.42. 

From Fig .  1, 
- 

12 microns and a = 2.8. Therefore ,  a = kzp = 5.52, b-: i n  a -  1.03,  and 

From Fig .  5, Ab2 

-A2b2-A - 
1.42 g iv ing  A = 1.34. From eqn. ( a ) ,  

p 1 - 0.0654 a 93.4% 
e 2  

(1+Ab2)li2 (rounded down) 
n = 1 -  
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ese  c a l c u l a t i o n s  inc luding  a computer s o  J ion of  e q n .  (7) 

g i v e s  a n  e f f i c i e n c y  of 1-0.065436 compared t o  t h e  above f i g u r e .  An e f f i c i e n c y  

of  1-0.065370 is  obta ined  by d i r e c t  numerical i n t e g r a t i o n  of  eqn. (5). 

Agreement of these r e s u l t s  is e x c e l l e n t .  

The p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  terms of t h e  f r a c t i o n  l o s t  

below a given s i z e  can b e  found by cons ider ing  t h e  i n t e g r a l  J wi th  upper 

l i m i t  g iven by z = Iln (d /x ) / b .  

depending upon t h e  va lue  of z .  To o b t a i n  t h e  cumulative p a r t i c l e  s i z e  

d i s t r i b u t i o n ,  J must b e  d iv ided  by I,  t h e  i n f i n i t e  i n t e g r a l .  The r e s u l t s  

of  t h e s e  c a l c u l a t i o n s ,  s e t  f o r t h  i n  Table 2 ,  show q u i t e  good agreement f o r  

t h i s  example. 

J can be  approximated by eqns. (9)  or (10) 
P P  

I n  addi t ion ,  t h e  preceding c a l c u l a t i o n s  can b e  compared w i t h  a 

The i n l e t  d u s t  d i s t r i b u t i o n  i s  broken up more commonly employed method. 

i n t o  a f i n i t e  number of  narrow s i z e  ranges,  t h e  amount c o l l e c t e d  f o r  each 

range i s  determined, and t h e s e  va lues  a r e  summed t o  f i n d  t h e  o v e r a l l  c o l l e c t i o n  

e f f i c i e n c y .  An example of t h i s  procedure is given by Stairmand. a’ lo The 

c a l c u l a t i o n s  a r e  summarized i n  Table  3 .  The o v e r a l l  c o l l e c t i o n  e f f i c i e n c y  

is a g a i n  93.4%. The d i s t r i b u t i o n  of escaping m a t e r i a l  i s  s l i g h t l y  f i n e r  

than  t h e  d i s t r i b u t i o n  obta ined  by d i r e c t  numerical  i n t e g r a t i o n  of t h e  func t ion  

4 ,  shown previously i n  Table  2 .  

w i t h  2 

and t h e  one obtained us ing  t h e  asymptot ic  express ions .  

The “exact”  numerical  i n t e g r a t i o n  d i s t r i b u t i o n ,  

of 2 . 7  microns and IJ of  1 . 9 ,  l ies  between t h i s  approximate d i s t r i b u t i o n  
P 
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For t h i s  i l l u s t r a t i v e  c a l c u l a t i o n ,  e n t r i e s  i n  T a b l e  3 correspond- 

i n g  t o  t h e  i n l e t  p a r t i c l e  s i z e  and c o l l e c t i o n  e f f i c i e n c y  have been computed 

from t h e  a p p r o p r i a t e  f u n c t i o n a l  forms r a t h e r  than g r a p h i c a l l y  as might normally 

be done f o r  a r o u t i n e  c a l c u l a t i o n .  The d i f f e r e n c e s  i n  e f f i c i e n c y  and d i s t r i -  

bu t ion  a r e  t h e r e f o r e  caused only from tak ing  a s e r i e s  of  f i n i t e  i n t e r v a l s  

i n  which the  c o l l e c t i o n  e f f i c i e n c y  is assumed t o  b e  c o n s t a n t  a t  its midpoint 

value.  

In  t h i s  example, t h e  asymptot ic  a n a l y t i c a l  express ions  der ived 

i n  t h i s  paper have been shown t o  produce an  o v e r a l l  e f f i c i e n c y  equiva len t  

t o  t h a t  obtained from d i r e c t  numerical  i n t e g r a t i o n  and a commonly employed 

approximate technique.  I n  a d d i t i o n ,  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  of a l l  

.. - t h r e e  methods are roughly comparable, wi th  d i f f e r e n c e s  of t h e  order  of 

a few percent .  

hand c a l c u l a t i o n s  when only  t h e  o v e r a l l  e f f i c i e n c y  is  d e s i r e d .  

The asymptot ic  f u n c t i o n s  are e s p e c i a l l y  a t t r a c t i v e  f o r  
b. 

When a complete 

\ p a r t i c l e  size d i s t r i b u t i o n  i s  r e q u i r e d ,  t h e  c a l c u l a t i o n s  involv ing  eqcs.  (9) 

and (10) a r e  more t e d i o u s  than t h e  method o u t l i n e d  by Stairmand, which would 

probably b e  used.  When computer f a c i l i t i e s  are a v a i l a b l e ,  t h e  asymptot ic  

f u n c t i o n s  represent  a savings  i n  computer time over  a s t a n d a r d  numerical  

q u a d r a t u r e  and are expected t o  r e q u i r e  about  the same o r d e r  of magnitude 

of t i m e  a s  t h a t  used by t h e  Stairmand type of c a l c u l a t i o n .  

Example 2 

Problem: 

To i n c r e a s e  c o l l e c t i o n  e f f i c i e n c y ,  t h e  p r e c i p i t a t o r  of example 1 

i s  t o  b e  doubled i n  s i z e  by i n c r e a s i n g  t h e  l e n g t h  of  its p l a t e s  i n  t h e  

d i r e c t i o n  of g a s  f low.  Calcu la te  t h e  new e f f i c i e n c y  account ing f o r  p a r t i c l e  

' s i z e  d i s t r i b u t i o n  and by us ing  t h e  s i m p l i f i e d  Deutsch equat ion.  
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Solu t ion:  

To account f o r  a change i n  p l a t e  l e n g t h ,  one must vary k which 

is  d i r e c t l y  propor t iona l  t o  t h i s  dimension. I n  example 1, t h e  parameters 

of t h e  i n l e t  dus t  and k = 0.46 l e d  t o  an e f f i c i e n c y  of 93.4%. 

s i z e  is  doubled, k becomes 0.96 and t h e  computation proceeds i n  a s i m i l a r  

When t h e  

manner, giving an e f f i c i e n c y  of 97.9%. 

This c a l c u l a t i o n  can b e  compared t o  an e n t i r e l y  d i f f e r e n t  

technique.  As is sometimes done, eqn. (Z), t h e  s i m p l i f i e d  Deutsch equat ion 

f o r  a monodisperse p a r t i c u l a t e ,  can be employed and thereby circumvent t h e  

use of an  i n t e g r a l  and a l l  t h e  d i f f i c u l t i e s  involved i n  its eva lua t ion .  I n  

t h i s  procedure, t h e  observed 93.4% e f f i c i e n c y  can b e  used t o  f i x  t h e  va lue  

of t h e  argument of t h e  exponent ia l  a t  2 . 7 .  Doubling t h e  p l a t e  length  makes 

t h i s  parameter 5 .4  and g i v e s  an  e f f i c i e n c y  of 99.5%. Although t h c  two 

e f f i c i e n c i e s ,  97.9% and 99.5%, appear c lose ,  t h e  l o s s  rates d i f f e r  s i g n i f i -  

c a n t l y  by a f a c t o r  of 4.  

The e f f i c i e n c y  a s  a f u n c t i o n  of length  is p l o t t e d  i n  F ig .  6 .  

The asymptot ic  express ion  g ives  t h e  e f f i c i e n c y  shown by t h e  s o l i d  curve, 

whi le  the  s impl i f ied  Deutsch equat ion produces t h e  broken l i n e .  The two 

provide equiva len t  results only i n  t h e  v i c i n i t y  of 93.4% e f f i c i e n c y  where 

t h e  Deutsch equat ion exponent w a s  f i t t e d .  

Thus, t h e  Deutsch equat ion p r e d i c t s  a g r e a t e r  e f f i c i e n c y  a t  a 

given increment i n  l e n g t h  or  a s h o r t e r  a d d i t i o n a l  l e n g t h  requi red  t o  achieve 

a given i n c r e a s e  i n  e f f i c i e n c y .  This i s  t h e  same scrt of behavior  demonstrated 
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Solu t ion:  

To account  f o r  a change i n  p l a t e  l e n g t h ,  one must vary  k which 

i s  d i r e c t l y  p r o p o r t i o n a l  to  t h i s  dimension. I n  example 1, t h e  parameters 

of  t h e  i n l e t  d u s t  and k = 0.46 l e d  t o  an  e f f i c i e n c y  of 93.4%. When t h e  

s i z e  is doubled, k becomes 0.96 and t h e  computation proceeds i n  a s i m i l a r  

manner, giving an e f f i c i e n c y  of 97.92. 

This c a l c u l a t i o n  c a n  b e  compared t o  an e n t i r e l y  d i f f e r e n t  

technique.  As is  sometimes done, eqn. (2 ) ,  t h e  s i m p l i f i e d  Deutsch equat ion 

f o r  a monodisperse p a r t i c u l a t e ,  can b e  employed and thereby circumvent t h e  

u s e  of a n  i n t e g r a l  and a l l  t h e  d i f f i c u l t i e s  involved i n  its eva lua t ion .  In  

t h i s  procedure, t h e  observed 93.42 e f f i c i e n c y  can b e  used t o  f i x  t h e  value 

of t h e  argument of t h e  exponent ia l  at  2.7 .  

t h i s  parameter 5.4 an21 g i v e s  an e f f i c i e n c y  of 99.5%. Although t h e  two 

Doubling the p l a t e  length  makes 

e f f i c i e n c i e s ,  97.9% and 99.5%, appear  c l o s e ,  t h e  l o s s  r a t e s  d i f f e r  s i g n i f i -  

c a n t l y  by a f a c t o r  of 4. 

The e f f i c i e n c y  a s  a f u n c t i o n  of length  is p l o t t e d  i n  Fig.  6. 

The asymptot ic  e x p r e s s i o n  g i v e s  t h e  e f f i c i e n c y  shown by t h e  s o l i d  curve, 

whi le  t h e  s i m p l i f i e d  Deutsch equat ion produces the broken l i n e .  The two 

provide equiva len t  r e s u l t s  on ly  i n  the  v i c i n i t y  of  93.4% e f f i c i e n c y  where 

t h e  Deutsch equat ion exponent was f i t t e d .  

Thus, t h e  Deutsch equat ion  p r e d i c t s  a g r e a t e r  e f f i c i e n c y  a t  a 

given increment i n  l e n g t h  or  a s h o r t e r  a d d i t i o n a l  l e n g t h  requi red  to  achieve 

a given i n c r e a s e  i n  e f f i c i e n c y .  This i s  t h e  same s o r t  of behavior  demonstrated 
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TABLE 2 

COMPARISON OFAPPROXIPIATE AND. NUElERI CALLY INTEGRATED UNCOLLECTED 
PARTICLE S I Z E  DISTRIBUTIONS FOR EXAPPLE 1 

Cum. Wt.% J(numerical) * cum. Wt.% (approx :I d (microns) 
P 

1 0.00557 8.5 0.00563 '8.6 
2 0.0209 32.0 0.0219 33.5 . 
3 0.0347 53.1 0.0372 56.9 

. .  

4 
5 
6 
7 
8 

9 
10 

m 

0.0471 
0.0537 
0.0579 
0.0607 
0.0624 
0.0635 
0.'0642 
0.065436 

72.0 
82.1 
88.5 
92.8 
95.4 
97.1 
98.2 
100. 

0.0481 
0.0550 
0.0592 
0.0618 
0.0632 
0.0641 
0.0646 
0.065370 

73.6 
84.1 
90.5 
94.5 
96.6 
98.0 
98.8 
100. 

'. . 

'\ 
*In this example, d a 2.96 corresponds to z=t* and is therefore where we 
switch from eqn. ( 9 )  to eqn. (10). 

P 
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Nota t ion  

- 
a = kdp . .  
A = a e  b t*  = -Cu*/b2 = - t*/b 

A = a r e a  o f  c o l l e c t i o n  p l a t e s  

b t n o  
P 

C = a  1/2b 

d = p a r t i c l e  d iameter  

d = mass median d iameter  

e = base  of n a t u r a l  logar i thms 

E = ae 

P 

P 
- 

bz 

Eo = charging electrical f i e l d  i n t e n s i t y  

E = c o l l e c t i o n  e l e c t r i c a l  f i e l d  i n t e n s i t y  

I = i n f i n i t e  i n t e g r a l  i n  eqn. (5) 

J = i n t e g r a l  I w i t h  v a r i a b l e  upper l i m i t  

P 

.. 

k - c o l l e c t i o n  parameter  -. 
Q = gas  volumetr ic  f low 

s = v a r i a b l e  of i n t e g r a t i o n  

t = v a r i a b l e  of i n t e g r a t i o n  

w e f f e c t i v e  m i g r a t i o n  v e l o c i t y  

z 

Greek Letters 

= v a r i a b l e  upper l i m i t  of i n t e g r a l  J = tn (dp/zp) /b  

c o l l e c t i o n  e f f i c i e n c y  

= gas v i s c o s i t y  

n numerical c o n s t a n t  

u a geometric s t a n d a r d  d e v i a t i o n  



- 143 - 
LITEMTURE CITED 

1. Abramowitz, M. and Stegun, I. A . ,  "Handbook of Mathematical Functions, ' '  
NBS AMS 55, U. S .  Government P r i n t i n g  Of f i ce ,  Washington, D. C .  (1964). 

2. Erdeleyi ,  A . ,  "Asymptotic Expansions,'' Dover, N e w  York (1956). 

3. Finney, J. A., Jr . ,  Power Eng., 72 (12), 26 ( i968) .  

4. Henrici ,  P., "Elements of Numerical Analysis ,"  Wiley, N e w  York (1964). 

5. I r a n i ,  R. R. and C a l l i s ,  C.  F., " P a r t i c l e  Size:  Measurement, I n t e r p r e t a -  
t i o n ,  and Applicat ion,"  Wiley, N e w  York (1963). 

6. Nichols,  G. B.  and Oglesby, S .  Jr. ,  Paper presented a t  t h e  63rd Annual 
Meeting A.I.Ch.E., Symposium on P a r t i c u l a t e  Control Device Measurement, 
Paper 4a (1970). 

7. Penney, G. W . ,  J. A i r  P o l l u t .  Contr.  Ass . ,  19, 596 (1969). 

8. Stairmand, C. J . ,  J. I n s t .  Fue l  (London), 3, 58 (1956). 

9. , The Chemical Engineer (London), 194, CE310 (1965). 

10. , F i l t r a t i o n  f Separat ion,  70, 53 (1970). 

11. White, H. J. ,  Ind. Eng. Chem., 47, 932 (1955). 

1 2 .  , " I n d u s t r i a l  E l e c t r o s t a t i c  P r e c i p i t a t i o n , "  Addison- 
Wesley, Reading, Mass. ( i963) .  



- 144 - 
Appendix I 

The solut ic+i  of u* + CeCU* = 0. 

This  e q u a t i o n  is  e a s i l y  solved numer ica l ly  by means of a s u i t a b l e  

i n t e r a t i o n  method if a p p r o p r i a t e  s t a r t i n g  va lues  a r e  used. S u i t a b l e  

procedures i n c l u d e  t h e  Newton method o r  t h e  o r d i n a r y  i t e r a t i o n  method 

a c c e l e r a t e d  by means of t h e  6 2 p r o c e ~ s . ~  The latter method w a s  used t o  

’ o b t a i n  t h e  numer ica l  v a l u e s  shown i n  Fig.  5 and Table A-1. Asymptotic 

s o l u t i o n s  of t h e  e q u a t i o n  were used t o  y i e l d  reasonable  s t a r t i n g  values .  

2 The two asymptot ic  s o l u t i o n s  f o r  -Cu* 5 Ab are 

I and 

G 2 ( C )  = ,211n C - lln(2Pn .C) (C -+ 

(Al-1) 

(Al-2)  

-.. These two asymptotes  are compared w i t h  t h e  numerical  v a l u e s  i n  Table A-1. 

S ince  t h e  C +  s o l u t i o n ,  eqn. (Al-2) i n v o l v e s  a logar i thmic  s c a l e ,  i t  only 

becomes a c c u r a t e  a t  extremely l a r g e  (and i m p r a c t i c a l )  v a l u e s  of  C. However, 

i t  w a s  observed t h a t  t h e  d i f f e r e n c e  between t h e  numerical  va lues  and eqn. 

(Al-2) is n e a r l y  c o n s t a n t  f o r  C 

are seen t o  y i e l d  a c c u r a t e  r e s u l t s  f o r  C 2 2.5 .  

\ 

2.5,and thus  i n  t h e  t a b l e  va lues  o f  G2(C)+0.3 

The asymptot ic  s o l u t i o n s  g iven  above a r e  very u s e f u l  i n  t h e  asymptot ic  

a n a l y s i s  of t h e  i n t e g r a l  I. Eqns. (Al-1) and (Al-2) show t h e  asymptot ic  

behavior  of t h e  q u a n t i t y  A w i t h  r e s p e c t  t o  a and b. 

and f o r  a -+ 01, A + 2 l!n(al”b) . 
For a o r  b + 0, A + a 

b2 
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TAL3I.E A-1 

COPPARISON OF NLPICRICAL hill ASYX‘TOTIC SOLUTIONS OF EQN. (7) 

Numerical Asxnp t o t ic 
G (C) + 0 . 3  -CU* = Ab G I U  -2- G (C) -2 

2 C - 
0 0 0 
0.1 0.0099 0.0099 
0.3 0.0828 0.0828 
0.5 0.2039 0.2040 
1 0.5671 0.5614 
2 1.202 1.176 1.060 1.360 
2.5 1.456 1.372 1.227 1.527 
3 1.679 1.513 1.410 1.710 
4 2.053 1.753 2.053 
5 2.360 2.050 2.350 
6 2.620 2.307 2.607 
8 3.045 2.734 3.034 
10 3.386 3.078 3.378 
20 4.490 4.201 4.501 
1000 11.38 11.19 11.49 
10,000 15.67 15.51 

’\ 
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Appendix I1 

m c* rn c - 

We proceed by s p l i t t i n g  the i n t e g r a l  by means of I_, =L +[* where t* 

is the s o l u t i o n  of eqn.  (6) .  

F i r s t  consider  12, which t u r n s  o u t  t o  b e  much easier t o  ana lyze  than 

I (It happens that  to  t h e  f i r s t  approximation, I and I2 are equa l ) .  By 

t r a n s l a t i n g  t h e  o r i g i n  of coord ina te s  t o  t* through t-t* = u, w e  g e t  

m 
Thus I = I +I where I1 = t* and I2 = si** 1 2  I, 

1’ 1 

bu -bLAL 
2 Ie$+ Abu -Ae 

I2 = e du 

(2n)1/2 u=o 

(A2-1) . 

Since  t h e  new i n t e g r a n d ,  by way of i ts  c o n s t r u c t i o n ,  is a maximum near u=O, 

i t  is n a t u r a l  t o  approximate t o  t h e  i n t e g r a n d  i n  t h i s  v i c i n i t y  i n  hopes t h a t  

though t h e  approximation may no t  be good i n  o t h e r  r eg ions ,  these r e g i o n s  con- 

t r i b u t e  only a sma l l  p a r t  t o  t h e  i n t e g r a l .  

- .. 

--. 
The b e s t  procedure seems t o  be 

\ t h e  fol lowing.  Write 

2 2  b u  2 2  

2 2 .  
ebu = 1 + bu + - b u  + e b u - l - b u - -  

Then expand t h e  e x p o n e n t i a l  i n  eqn. (A2-1) t o  get 

2 2  

2 m 
-b A -A 

2 2  b u  1 
2 [l-A(ebu - 1 - bu - -). .] du (A2-2) 

( 2 n ) l l 2  2 
1 

where t h e  e r r o r  i n c u r r e d  by t a k i n g  1 f o r  t h e  q u a n t i t y  i n  squa re  b racke t s  is 

nega t ive  and less  i n  magnitude than t h e  nex t  t e r m .  



By performing t h e  i n t e g r a t i o n  we g e t  
.- In (A2-3) 

1 f2b  2 112 
-bLAL 

e-' d s  - ($) - - - - 2 -A 

I 2 = e  (2') (2g) ' 3 / 2 ) * * ]  
ss-b 

2 (2g) ll2 where g : ( 1  + b A)  

The e r r o r  made by approximating t h e  q u a n t i t y  i n  squa re  b r a c k e t s  by t h e  f i r s t  

term is nega t ive  and less i n  magnitude than t h e  nex t  term. It is  e a s i l y  shown 

eqn. (A2-3) t h a t  t h e  r e l a t i v e  e r r o r  a s s o c i a t e d  with using j u s t  t h e  f i r s t  term 

i n  square b racke t s  goes t o  z e r o  f o r  e i t h e r  a + 0, a + m o r  b + 0. The 

i n t e g r a l  I is transformed by means o f  t* - t = s and becomes 

(A2-4) 

Here aga in  t h e  in t eg rand  is approximated nea r  i ts  maximum ( ~ 0 )  and t o  a f i r s t  

approximation f o r  e i t h e r  a + 0, a + o r  b -+ 0 
\ 

2 2  

2 
-b A -A 

I1 -+ e 2g1/2 

\ 

However, i n  t h e  c a s e  of  11, t h e  demonstrat ion of  t h e  v a l i d i t y  of t h i s  r e s u l t  

is much more involved than i t  was i n  t h e  c a s e  of I and t h e  l eng thy  d e t a i l s  2 

are omit ted.  
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Appendix 111 

2 b t  
m -t - ap 

d t  1 2 
Other Asymptotic Expansions t o  I = - 

For b -f -, I + 1 / 2  i n  accordance with '  

(A3-1) 

Note t h e  curve f o r  b=25 of F ig .  4 is approaching t h i s  l i m i t .  

For b -+ 0 w e  have 

(A3-2) 

Eqn. (A3-2) i s . u s e f u 1  s i n c e  i t  h a s  t h e  proper ty  t h a t  t h e  e r r o r  made by tak ing  

t h e  t e r m  i n  s q u a r e  b r a c k e t s  equal  t o  1 i s  n e g a t i v e  arid less i n  magnitude than 

-. .. For a + 0 

2 

b2 2 2b2 a 3 e r  2 a e  

9D 2 . 2  b i  
- 1-2 i = u  ( - 1 ) i a i e F  i: = 1-ae +r-- 3: .. -.. 

\ 
(A3-3) 

This series d i v e r g e s  f o r  any b > 0, b u t  i t  i s  asymptot ic  i n  t h e  s e n s e  t h a t  

t h e  e r r o r  is of  t h e  same s i g n  as t h e  f i r s t  neglec ted  term and l e s s  than i t  

i n  magnitude. 

small v a l u e s  of a. 

Therefore ,  t h e  series is  of use computat ional ly  f o r  s u f f i c i e n t l y  



I 

I '  

Appendix I V  

2 b t  z -t -ae 1 Evaluat ion of - d t  = J 

It is convenient  t o  consider  s e p a r a t e l y  t h e  c a s e s  z < t* and z > t". 

For z < t*, t h e  maximum of t h e  integrand is  a t  z and accord ingly  w e  move t h e  

o r i g i n  of coord ina tes  t o  z and approximate t o  t h e  in tegrand  i n  t h i s  v i c i n i t y .  

Thus J becomes 

bz where E E a e  

By approximating t h e  exponent ia l  near  w = 0, w e  g e t  

(A4-1) 

The i n t e g r a l  appearing i n  eqn. (A4-2) i s  j u s t  t h e  complementary e r r o r  func t ion  

which is widely tabula ted  and f o r  which t h e r e  are simple computer approximations. 

m m  - 

For z > t*, i t  is  convenient  t o  c a l c u l a t e  J by means of K = I - j -- 2.  

Then an  approximation of t h e  type discussed i n  t h e  previous peragraph .g ives  

2 (bE4-z) 
-2 

e2 ( 1+b2E) - - E  2 

m 

(A4-3) 

Note t h a t  f o r  z = t* t h e  sum of t h e  approximations t,o 1. and Jz j u s t  adds 

up t o  t h e  approximation given fot 

' 
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A STUDY OF FLY ASH REACTIONS AND DEWSIT FORMATION 

I N  A LARGE, CYCLONE-FIRED STEAM GENERATOR 

A. A. Orning 

U. S .  Department o f  t h e  I n t e r i o r ,  Bureau of  Mines, 
P i t t s b u r g h  Energy Research C e n t e r ,  P i t t s b u r g h ,  Pa. 

I n t r o d u c t i o n  

Many, i f  not most ,  o f  t h e  problems p e c u l i a r  t o  t h e  u s e  of  c o a l  a s  a f u e l  a r e  
r e l a t e d  t o  i t s  minera l  matter c o n t e n t .  The a s h  and s l a g  products  cause  f o u l i n g  
and sometimes c o r r o s i o n  o f  h e a t  t r a n s f e r  s u r f a c e s ,  a r e  hard  t o  remove when s l a g  
d e p o s i t s  become massive, a r e  d i f f i c u l t  t o  c o n t a i n  when t h e  s l a g  i s  f l u i d ,  and a r e  
costly t o  remove as p a r t i c u l a t e  m a t t e r  i n  t h e  s t a c k  g a s e s .  The purpose o f  t h i s  ' 

paper  is t o  d i s c u s s  t h e  r e l e a s e  of m i n e r a l  matter i n  burning c o a l  and t o  p r e s e n t  
d a t a  on r e a c t i o n s  of  a s h  d e p o s i t s  w i t h  combustion product  gases  i n  a l a r g e  cyc lone-  
f i r e d  steam g e n e r a t o r .  Conclusions w i l l  be  drawn t h a t  must be i n t e r p r e t e d  a s  
p e r t i n e n t  t o  the p a r t i c u l a r  u n i t  though based i n  p a r t  on o b s e r v a t i o n s  i n  o t h e r  
u n i t s .  The i n t e n t  i s  t o  demonst ra te  t h a t  v a l u a b l e  informat ion  can  be gained by 
s y s t e m a t i c  sampling and a n a l y s i s  of  f l y  a s h  and ash d e p o s i t s .  

The Release  of  Minera l  Matter 

11 Ash, as formed from t h e  m i n e r a l  m a t t e r  of  c o a l  i n  t h e  ASTM Standard Method,- 
h a s  a n a l y s e s  a s  i l l u s t r a t e d  by samples  8 and 9 of  Table  I f o r  two I l l i n o i s  c o a l s .  
S e v e r a l  t h i n g s  a r e  noteworthy:  1) Carbonates  are conver ted  t o  o x i d e s ,  2) s u l f u r  
i s  r e t a i n e d  as s u l f a t e  t o  t h e  e x t e n t  t h a t  s u l f a t e  formation precedes carbonate  
decomposi t ion,  and 3) t h e  weight  percentages  of  ash components, r e p r e s e n t e d  a s  . 
o x i d e s ,  add approximate ly  t o  100%. When t h e  a s h  i s  formed under high-temperature  
c o n d i t i o n s ,  as i n  t h e  steam g e n e r a t o r  furnace  r a t h e r  than  t h e  tempera ture-cont ro l led  
m u f f l e  f u r n a c e  used f o r  t h e  ash d e t e r m i n a t i o n ,  a l e s s e r  p r o p o r t i o n  of t h e  s u l f u r  i s  
r e t a i n e d  a s  s u l f a t e s  and t h e  a l k a l i  metals are a t  least  p a r t i a l l y  v o l a t i l i z e d .  
Vapor p r e s s u r e s  f o r  v a r i o u s  a l k a l i  m a t e r i a l s  a r e  g iven  i n  Table  11. The f r e e  a l k a -  
l i  m e t a l s  are most v o l a t i l e ,  b u t  e q u i l i b r i a  f a v o r  convers ion  t o  t h e  hydroxides .  The 
o x i d e s  should be c o n s i d e r e d ,  a l though e q u i l i b r i a  a l s o  favor  t h e i r  convers ion  t o  t h e  
hydroxides .  L i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  k i n e t i c s  of such high-tempera- 
t u r e ,  gas-phase r e a c t i o n s .  Acid-base r e a c t i o n s  a r e  f a s t  i n  water s o l u t i o n  b u t  may 
b e  slow i n  t h e  g a s  phase.  HC1 g a s  seems r e l a t i v e l y  i n e r t .  A l k a l i n e  m i s t s  have 
been  observed t o  f a l l  o u t  of  t h e  plume from i n c i n e r a t i o n  o f  o r g a n i c  wastes wi th  
h i g h  NaCl conten t .  These c o n s i d e r a t i o n s  sugges t  t h a t  t h e  hydroxides  a r e  t h e  
probable  mode of t r a n s p o r t  o f  a l k a l i  metals i n  the h o t  combustion gases .  

TABLE I.- Analyses  of  ash  and s l a g  samples ,  weight  p e r c e n t  

No. Locat ion SO3 Fe2O3 A1203 Si02  CaO MgO Na20 K20 T o t a l  

1 
3 
4 
5 
6 

. 7  
8 
9 

S l a g  tank  
Reheat superhea ter  
Primary s u p e r h e a t e r  
Economizer hopper 
A i r  h e a t e r  hopper  
P r e c i p i t a t o r  hopper  
Coal a s h ,  A 
Coal a s h ,  B 

0 . 2 5  19.7 17.6 
10 .2  21.0 16.4 

2 .2  18.6 18.3 
5.0 20.6 17.4 
2.2 21.7 17.6 
3 . 5  18.9 17 .6  
7.5 28.2 15.5 
8.0 17.2 18.9 

45.8 
32 .5  
47.1 
43.2 
45.4 
45.8 
35.7 
44.5 

8.67 0 .95  
10.95 ,.80 

5.96 .86 
5.79 .75 
7 .61  .86 
5.04 .90 
7.68 .78 
7.55 .91 

2.16 1.99 97.1 
2.80 2.19 96 .8  
2.47 2.04 97.5 
2.56 2.13 97.4 
2.12 2.05 9 9 . 5  
2.91 2.82 97.5 
2.43 1.83 9 9 . 6  
1.98 1 . 8 3  100.9 
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TABLE 11.- Temperatures a t  s e l e c t e d  vapor p r e s s u r e s  

T O C  

Component l m m  10 m 100 mm 

Na 43 9 549 701 
K 341 443 586 
NaOH 739 897 1111 
KOH 7 19 86 3 1064 
N a C l  865 1017 1220 
KC 1 821  968 1164 

I r o n  s u l f i d e ,  FeS, and m e t a l l i c  i r o n  tend t o  appear  w i th  d e f i c i e n t  a i r  supply.  
Th i s  i s  aggravated i n  w e t  bottom fu rnaces  when p y r i t e  (FeS2) impinges on t h  s l a g  
su r face .  The i r o n  i n  c o a l  i s  p r e s e n t  p r i m a r i l y  as p y r i t e .  B a i l e y  and Elyx? have 
shown t h a t  i ron  tends t o  seg rega te  i n t o  s l a g  and i n t o  fu rnace  d e p o s i t s .  The au tho r  
h a s  observed a fu rnace  w i t h  f r o n t  wa l l  burners  and a p l an  a r e a  too small  t o  prevent  
flame impingement on the  wall s u r f a c e s .  I r o n  c o n t e n t  of  t h e  w a l l  slag w a s  over  
t h r e e  times t h a t  expected from t h e  c o a l  ash a n a l y s i s .  
d e f i c i e n t  i n  t h e  a r e a  of flame impingement and t h a t  l i q u i d  d r o p l e t s  o f  FeS were 
p r e f e r e n t i a l l y  adhering t o  t h e  w a l l ,  a l t hough  i n t e r m i t t e n t  o x i d a t i o n  gave an  
oxidized s l a g .  

It appeared t h a t  oxygen was 

F i r e s i d e  co r ros ion  a s s o c i a t e d  wi th  segregated d e p o s i t s  h i g h  i n  a l k a l i - i r o n  
s u l f a t e s  were f i r s t  found on fu rnace  w a l l  t ubes  o f  w e t  bottom E u r n a c e s . u /  
Presence of  CO i n  t h e  l o c a l  gas  s t ream was i n d i c a t i v e  of  l o c a l  oxygen d e f i c i e n c y  
and flame impingement with p r e f e r e n t i a l  adherence of  FeS d r o p l e t s  and h igh  l o c a l  
h e a t  t r a n s f e r  r a t e s .  However, t h e  segregated d e p o s i t s  were found t o  b e  s u l f a t e s  
with d e t e c t a b l e  s u l f i d e  on ly  a t  t h e  i n t e r f a c e  between the d e p o s i t  and t h e  tube  
me ta l .  I n t e r m i t t e n t  ox id i z ing  c o n d i t i o n s  conve r t  s u l f i d e s  t o  s u l f a t e s .  With tube 
s u r f a c e  temperatures  on t h e  o rde r  o f  400'C, t h e  complex a l k a l i - i r o n  p y r o s u l f a t e s  
become s t a b l e  l i q u i d s .  While these l i q u i d s  i n  p a r t  may be  c o r r o s i o n  p roduc t s ,  they 
i n  t u r n  a r e  cause f o r  e l e c t r o l y t i c  co r ro2 ion  i f  not  t h e  a c t i v e  c o r r o s i v e  agen t s .  

React ions between s u l f u r  ox ides  and f l y  a sh  have been the s u b j e c t  of  s tudy  and 
specu la t ion  f o r  many yea r s .  
b o i l e r s  had a l i t t l e  c a t a l y t i c  t i o n  on t h e  o x i d a t i o n  o f  s u l f u r  d i o x i d e  i n  f l u e  
gas .  Cross l ey ,  P o l l  and Sweettz? s t u d i e d  t h e s e  r e a c t i o n s  t o  e x p l a i n  f i n d i n g s  of 
the Bo i l e r  A v a i l a b i l i t y  Committee t h a t  f i r i n g  of  pu lve r i zed  c o a l  over t h e  back end 
of mechanical s t o k e r s  was e f f e c t i v e  i n  c o n t r o l l i n g  a c i d i c  d e p o s i t s  i n  t h e  b o i l e r .  
The appearance of  t he  t y p i c a l  a lkal i - i ron-aluminum s u l f a t e s  on supe rhea te r  t ubes  
brought renewed i n t e r e s t  i n  t he  r e a c t i o n s  between f y ash and combustion gases .  
The ex tens ive  l i t e r a t u r e  h a s  been reviewed by Reid.--/ The d e p o s i t s  are c h a r a c t e r -  
ized by water s o l u b i l i t y ,  a low pH, high con ten t  of a l k a l i ,  i r o n ,  aluminum and 
s u l f a t e ,  and r e l a t i v e l y  low contaminat ion by o t h e r  c o n s t i t u e n t s  of  f l y  ash.  These 
d e p o s i t s  u n d e r l i e  t y p i c a l  a sh  d e p o s i t s .  They have an  amorphous or m i c r o c r y s t a l l i n e  
appearance when co ld  bu t  sometimes show s i g n s  o f  having been l i q u i d .  They appear  
where gas temperatures ,  t he  th i ckness  of t h e  ove r ly ing  ash d e p o s i t ,  and t h e  steam 
cond i t ions  are such t h a t  t he  r e s u l t i n g  h e a t  t r a n s f e r  produces temperatures  near  t he  
tube su r face  approaching 65OoC. The segregated d e p o s i t  may be sepa ra t ed  from t h e  
tube me ta l  by a poorly conso l ida t ed  oxide scale. The au tho r  has  a l s o  found samples 
where l i q u i d  wetted the  metal tube and pene t r a t ed  under  t h e  ox ide  scale so as t o  
bend i t  away from t h e  tube s u r f a c e .  R e l a t i v e l y  low occ lus ion  o f  f l y  a sh  i n  t h e  
segregated d e p o s i t  i n d i c a t e s  t h a t  components not  s o l u b l e  i n  t h e  d e p o s i t  are mechan- 
i c a l l y  e j e c t e d  by c y c l i c  me l t ing  and s o l i d i f i c a t i o n .  
American bituminous c o a l s ,  h a s  a somewhat v a r i a b l e  composi t ion,  p a r t i c u l a r l y  t h e  

Johnston&/ concluded t h a t  f l y  a sh  from s t o k e r - f i r e d  

3 

The r e s u l t i n g  d e p o s i t ,  from 
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p r o p o r t i o n  of  i r o n  and aluminum s u l f a t e s ,  b u t  i s  so c h a r a c t e r i s t i c a l l y  d i f f e r e n t  
from t h e  ove r ly ing  f l y  a s h  d e p o s i t s  t h a t  i t  is  v i s u a l l y  d e t e c t a b l e  without  need f o r  
chemical  a n a l y s i s .  

Occurrence o f  t h e  seg rega ted  d e p o s i t  under t y p i c a l  a sh  d e p o s i t s  h a s  caused 
s p e c u l a t i o n  as t o  whether  t h e  d e p o s i t  was formed f i r s t  and the  f l y  ash depos i t ed  
la ter  o r  whether t h e  seg rega ted  m a t e r i a l  w a s  syn thes i zed  beneath t h e  f l y  ash 
d e p o s i t .  

$7' Syn thes i s  of  t h e  complex s u l f a t e s  r e q u i r e s  a p a r t i a l  p r e s s u r e  of SO3 h i g  
than  t h a t  found i n  t h e  m a i n  s t r eam o f  combustion gases .  Anderson and Goddard- 
conclude t h a t  t h e  SO2-SO3 r e a c t i o n  r eaches  e q u i l i b r i u m  w i t h i n  t h e  d e p o s i t  and t h a t  
s o l u t i o n  phenomena a t  o p e r a t i n g  temperatures  reduce t h e  necessary p a r t i a l  p r e s s u r e  
of  SO3 below t h a t  e x h i b i t e d  by pu re  phases  o f  a l k a l i - i r o n  and alkal i -a luminum 
s u l f a t e s  t h a t  appea r  i n  t h e  d e p o s i t  a f t e r  coo l ing .  

While information on r e a c t i o n s  between s u l f u r  ox ides  and f l y  ash i s  sketchy,  
there is  even less 47formation on r e a c t i o n s  invo lv ing  t h e  a l k a l i  m e t a l s .  
Goldberg and Orning- found t h a t  t h e  a l k a l i  c o n t e n t  of  f l y  a sh ,  sub jec t ed  t o  a 
t empera tu re  g r a d i e n t  i n  a f l u e  gas  atmosphere,  migrated towards a co ld  s u r f a c e  a t  
375OC. 
beyond t h a t  of t h e  o r i g i n a l  f l y  a s h ,  t h e r e  w a s  i n s u f f i c i e n t  a l k a l i  f o r  t h e  synthe-  
s i s .  S ince  the a l k a l i  components of t h e  m i n e r a l  matter of c o a l  are v o l a t i l e  under 
combustion c o n d i t i o n s ,  it seemed d e s i r a b l e  t o  g a t h e r  d a t a  on t h e  r e a b s o r p t i o n  of 
a l k a l i  by f l y  a sh  and by d e p o s i t s  a t  v a r i o u s  p o i n t s  w i t h i n  a c o a l - f i r e d  steam 
g e n e r a t o r .  A s t u d y  of d e p o s i t s  i n  a cyc lone - f i r ed  u n i t  seemed p r e f e r a b l e  because 
t h e  h igh  temperatures  w i t h i n  t h e  cyclone would a s s u r e  more complete v o l a t i l i z a t i o n  
o f  the a l k a l i  components. 

Weintraub, 

The complex a l k a l i  s u l f a t e s  d i d  not 'appear .  I n  t h e  absence of a supply,  

The Steam Generator  

The steam g e n e r a t o r  c r o s s  s e c t i o n  i s  shown i n  F ig .  1. It was r a t e d  a t  
3 ,290,000 l b  of s t eam/hr ,  3625 p s i g  and 1005% supe rhea t  with 575 p s i g  and 1005% 
r e h e a t .  It had 10 c y c l o n e s ,  10 f t  i n  d i ame te r ,  f i v e  each on t h e  f r o n t  and rear 
w a l l s .  Sampling p o i n t s  a r e  shown by the  c i r c l e d  numerals,  except  f o r  t h e  e l e c t r o -  
s t a t i c  p r e c i p i t a t o r  hopper  which i s  not  shown. The fu rnace  w a l l  t ubes  were f u l l y  
s tudded t o  a l e v e l  about  5 f t  below t h e  gas  r e c i r c u l a t i o n  p o r t s .  A t h i n ,  g l a s s y  
s l a g  c o a t  was i n t a c t  t h roughou t  t h e  studded zone fo l lowing  shutdown. S lag  shedding. 
had occurred on a l l  upper  wall s u r f a c e a e x c e p t  i n  t h e  c o r n e r s  j u s t  above t h e  s tud -  
d i n g  and o n  the w a l l s  under  some o f  t h e  gas  r e c i r c u l a t i o n  p o r t s .  

Ash and S l a g  Samples  

Two southern I l l i n o i s  bi tuminous c o a l s  were used.  Analyses o f  t h e  ash and 
s l a g  samples a r e  shown i n  Table  I. Data on t h e  mole pe rcen t  b a s i s ,  shown i n  Table 
111, are more r e v e a l i n g .  Unfo r tuna te ly ,  t h e  two c o a l s  t h a t  were used have somewhat 
d i f f e r e n t  ash a n a l y s e s .  The SO3 i s  e q u i v a l e n t  t o  abou t  70% o f  t h e  CaO f o r  bo th  
c o a l  a shes ,  while s u l f u r  i n  a sh  accounted f o r  24.6% of  t h e  s u l f u r  i n  c o a l  A and 
38.5% of  t h e  s u l f u r  i n  c o a l  B .  Re ten t ion  o f  s u l f u r  i n  t h e  c o a l  ash,  as produced a t  
700' t o  75OoC by t h e  s t a n d a r d  method f o r  a sh  c o n t e n t ,  i s  r e l a t e d  t o  t h e  c a l c i t e  
c o n t e n t  r a t h e r  t han  t o  the s u l f u r  c o n t e n t  of  t h e  coal.  

The composition o f  v a r i o u s  s l a g ,  d e p o s i t ,  and f l y - a s h  samples may be expected 
t o  depend upon o p p o r t u n i t i e s  f o r  s e g r e g a t i o n ,  on temperatures  a t  v a r i o u s  p o i n t s  
a l o n g  t h e  gas  flow p a t h ,  and on t h e  r e a d s o r p t i o n  o f  s u l f u r  and a l k a l i  components. 
The temperatures  were n o t  measured b u t  were probably on t h e  o r d e r  of  ove r  170OOC 
i n  t h e  Fyc1one,100O0C i n  t h e  secondary s u p e r h e a t e r ,  l o c a t i o n  2 ,  and 325OC a t  the  
a i r  h e a t e r ,  l o c a t i o n  6.  
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TABLE 111.- Ash a n a l y s e s ,  mole p e r c e n t ,  and p h y s i c a l  c h a r a c t e r i s t i c s  

9 No .. Location Colora 

S l a g  tank 
A i r  h e a t e r  
Primary supe rhea te r  
Economizer hopper 
Reheat supe rhea te r  
P r e c i p i t a t o r  hopper 
Coal a s h ,  A 
Coal a s h ,  B 

BL . 
BL . 
R.B. 
B.R. 
B.R. 
G.B. 

b Mag. SO3 

1 0 . 2  
3 2 . 1  
2 2 . 2  
2 4 .9  
0 10.2 
2 3 . 4  - 7 .6  
- 7 . 5  

Fe203 

9 . 5  
10 .4  
8 .9  

1 0 . 2  
10 .5  
9 . 2  

14 .3  
8 . 0  

~ 

A1203 

1 3 . 3  
1 3 . 2  
13 .9  
1 3 . 4  
1 2 . 9  
1 3 . 4  
1 2 . 3  
13 .8  

Si07 CaO MgO 

59.0 11 .9  1 . 8  
5 8 . 0  1 0 . 4  1 . 6  
6 0 . 4  8 . 2  1 . 6  
56.7 8 . 2  1 . 5  
43 .6  15.7 1 . 6  
59 .4  7 . 0  1 . 7  
48 .3  1 1 . 1  1 . 6  
5 5 . 2  10.0 1 . 7  

Na20 K20 

2 .7  1 . 6  
2 . 6  1 .7  
3 . 1  1 . 7  
3 . 3  1 .8  
3 . 6  1 .9  
3 . 6  2 . 3  
3 . 2  1 . 6  
2 . 4  1 . 4  

a 

bSca le  of i nc reas ing  magnetic c h a r a c t e r .  
Color code: BL., b l ack ;  R.B., red-brown; G.B., gray-brown; B.R., b r i ck - red .  

S u l f u r  con ten t  of  t h e  s l a g  i s  almost immeasurably low. The 0 . 2  mole of  SO3 
corresponds t o  0 .1  w t  p e r c e n t  of  s u l f u r ,  which i s  r epor t ed  t o  t h e  n e a r e s t  0.1%. 
The sodium and potassium c o n t e n t s  o f  the s l a g  are comparable t o  those  o f  t h e  c o a l  
a shes .  
E i t h e r  t he  a l k a l i  metals were not  s u b s t a n t i a l l y  v o l a t i l i z e d  i n  the cyc lones  or they 
were readsorbed as t h e  s l a g  flowed a c r o s s  t h e  fu rnace  f l o o r .  

S l ag  from t h e  cyc lones  f lows a c r o s s  t h e  fu rnace  f l o o r  t o  t h e  s l a g  d r i p . -  

Deposi t  samples were n o t  t aken  from l o c a t i o n  2 ,  Fig. 1 (lead tube o f  t h e  l a s t  
p l a t e n  o f  t h e  secondary supe rhea te r ) .  V i s u a l l y  i d e n t i f i a b l e  complex a l k a l i - i r o n -  
aluminum s u l f a t e ,  covered by a t h i n  s h e l l  o f  ash, was found on t h e s e  tubes .  The 
ash s h e l l  had p a r t i a l l y  shed on c o o l i n g  of the fu rnace .  Large s e c t i o n s  could be  
removed i n t a c t  with l i g h t  f i n g e r  p r e s s u r e  on t h e  edge t o  expose t h e  unde r ly ing  
s u l f a t e  d e p o s i t .  The s h e l l  was so t h i n  t h a t  c l e a n  s e p a r a t i o n  from t h e  underlying 
s u l f a t e  d e p o s i t  could no t  be a s su red  f o r  t he  purpose o f  chemical a n a l y s i s .  

Deposi ts  a t  l o c a t i o n  3 ( l ead  tube of  the r e h e a t  s u p e r h e a t e r  p l a t e n )  were 
shaped l i k e  a n t l e r s  j u t t i n g  i n t o  t h e  gas  stream and were jo ined  by a t h i n  s h e l l  
a c r o s s  t h e  f r o n t  of t h e  tube.  They were so hard  t h a t  t he  a u t h o r  could not  break 
t h e m  o f f  by hand though they  p r o j e c t e d  about 3 inches i n  f r o n t  of the tube .  The 
a n a l y s i s  gave an e x c e p t i o n a l l y  h igh  con ten t  of  SO3 and maximum v a l u e s  f o r  t h e  
a l k a l i  metals, excep t  K20 i n  t h e  p r e c i p i t a t o r  hopper sample. The s u r f a c e  of  t he  
d e p o s i t  was d u s t y ,  and f r a c t u r e  s u r f a c e s  showed no i n d i c a t i o n  o f  f u s i o n ,  sugges t ing  
t h a t  t h e  ash w a s  cemented by formation o f  a l k a l i  s u l f a t e s  w i t h i n  pores  o f  t h e  
d e p o s i t .  

The samples from l o c a t i o n  4 ( the  top o f  the primary supe rhea te r )  were ha rd  
nodules  blown from a n  unknown l o c a t i o n  and too  l a r g e  t o  p a s s  between t h e  supe r -  
h e a t e r  tubes.  While these  nodules  were a s  ha rd  a s  sample No. 3 ,  t h e  s u l f u r  con ten t  
was no t  a s  h igh .  The under ly ing  tubes  were f r e e  o f  d e p o s i t s .  

The economizer hopper ( l o c a t i o n  5)  was l o c a t e d  below t h e  downflow s e c t i o n  of  
convec t ive  h e a t  t r a n s f e r  t ubes .  The a i r  h e a t e r  hopper was under t h e  flow r e v e r s a l  
duc t  between s e c t i o n s  of  t h e  a i r  h e a t e r .  The c l a s s i f y i n g  a c t i o n  of  changes i n  
flow d i r e c t i o n ,  compared t o  e lectrostat ic  p r e c i p i t a t i o n ,  may be r e s p o n s i b l e  f o r  t h e  
d i f f e r e n c e s  i n  a n a l y s i s  between samples from t h e  economizer hopper ,  t h e  a i r  heater 
hopper ,  and the  p r e c i p i t a t o r  hopper ,  l o c a t i o n s  5 ,  6 ,  and 7 .  There is a l s o  a pro-  
g r e s s i v e  drop i n  temperature  between t h e s e  l o c a t i o n s .  



1, 
The sample a n a l y s e s  a r e  remarkably c o n s i s t e n t  excep t  f o r  t h e  v a r i a t i o n  i n  s o 3  

c o n t e n t  and a d i s p r o p o r t i o n a t i o n  between l i m e  and s i l i ca  i n  sample No. 3. The i r o n  
c o n t e n t  of  t h e  hopper and d e p o s i t  samples is  between t h o s e  of  the t w o  c o a l  a s h e s ,  
while  t h e  silica c o n t e n t s ,  with t h e  o n e  e x c e p t i o n ,  are h i g h e r  then thz t  of e i t h e r  
c o a l  a s h .  i 

The hopper and d e p o s i t  samples showed remarkable d i f f e r e n c e s  i n  c o l o r  and rp 
magnet ic  p r o p e r t i e s .  Tab le  111 g i v e s  d a t a  from g r c s s  appearance.  Microscopic 
examinat ion showed heterogeneous c h a r a c t e r .  The s l a g  t ank  sample looked l i k e  p u l -  
v e r i z e d  b l a c k  g l a s s  w i th  a few t r a n s l u c e n t  wedges and a few magnetic p a r t i c l e s ,  
presumably magnet i te .  The b r i c k - r e d  material  from t h e  r e h e a t  supe rhea te r  tube had 
a ve ry  small number o f  m a g n e t i t e  p a r t i c l e s .  The economizer hopper and supe rhea te r  
nodule  samples had i n c r e a s i n g  p r o p o r t i o n s  of  magne t i t e  mixed wi th  t h e  b r i c k  red.  
The a i r  h e a t e r  sample appeared almost  a s  b l a c k  as t h e  s l a g  t a p  sample,  and had a 
l a r g e  p o r t i o n  o f  magne t i t e  with a s p r i n k l i n g  of small red p a r t i c l e s  on t h e  s u r f a c e  
o f  t h e  l a r g e r  b l ack  p a r t i c l e s .  
p o r t i o n  o f  magnet i te  w i t h  enough w h i t e s  (some o p a l e s c e n t  beads) and r e d s  t o  give a 
gray-brown appearance.  
were magnet ic ,  presumably magne t i t e .  The ana lyses  f o r  i r o n  are g iven  i n  terms of 
FeqO3 without  regard t o  t h e  a c t u a l  s t a t e  o f  ox ida t ion .  
t o  f e r r i c  ox ide ,  and t h e  c o l o r  v a r i a t i o n s  may be  used t o  i n f e r  v a r i a t i o n s  i n  f e r r i c  
oxide c o n t e n t .  

I 

1 
The p r e c i p i t a t o r  hopper sample had a cons ide rab le  - 

Almost a l l  b l ack  p a r t i c l e s ,  excep t  t hose  from the  s l a g  tank,  

The b r i c k  r ed  c o l o r  is  due 

Di scuss ion  

Most of the ash from cyc lone  combustion i s  c o l l e c t e d  i n  t h e  s l a g  tank wi th  
almost  n e g l i g i b l e  s u l f u r  c o n t e n t .  
long p e r i o d s  of t i m e  and r e p r e s e n t  a n e g l i g i b l e  p a r t  of  t h e  m a t e r i a l  ba l ance .  The 
f l y  ash has  a s i g n i f i c a n t  s u l f u r  c o n t e n t  b u t  r e p r e s e n t s  a minor f r a c t i o n  o f  t h e '  
mine ra l  m a t t e r  i n p u t .  Most of t h e  s u l f u r  p a s s e s  through t h e  system a s  S02, bu t  
o x i d a t i o n  t o  SO3 and s u l f a t e  fo rma t ion  by r e a c t i o n  wi th  o t h e r  mine ra l  matter com- 
ponents  have c o n s i d e r a b l e  e f f e c t  on d e p o s i t  formation.  

Depos i t s  with high s u l f u r  c o n t e n t  a r e  formed over 

The behavior  of i r o n  i s  o f  p a r t i c u l a r  i n t e r e s t .  It i s  p r e s e n t  i n  t h e  c o a l  
a lmost  e n t i r e l y  as p y r i t e ,  o f t e n  d i s t r i b u t e d  as v e r y  f i n e  p a r t i c l e s .  Rapid hea t ing  
t o  22OOoC produces l i q u i d  d r o p l e t s  approximating FeS, f e r r o u s  s u l f i d e  .lo/ 
sequence of  m e l t i n g ,  decomposi t ion,  and o x i d a t i o n  i s  unknown. Larger  p a r t i c l e s  a r e  
probably thrown o n t o  t h e  s l a g  w i t h i n  t h e  cyc lone .  Smal l e r  p a r t i c l e s  are converted 
i n  suspension t o  f i n e l y  d i v i d e d  f e r r i c  oxide.  The au tho r  has  observed a cyclone-  
f i r e d  u n i t  w i th  a mechanical  b u t  no e l e c t r o s t a t i c  p r e c i p i t a t o r .  
was b r i c k  r e d .  Had i t  been b l a c k  i t  would have been r a t e d  number 4 smoke. The 
f i n e l y  d iv ided  f e r r i c  ox ide  produces a d u s t  c o a t i n g  on tube s u r f a c e s .  A t  app ropr i -  
a t e  temperature  l e v e l s ,  o x i d a t i o n  of SO2 t o  SO3 w i t h i n  t h e  d u s t  l a y e r  and r e a c t i o n  
w i t h  adsorbed a l k a l i  metals  produces the  complex a l k a l i - i r o n  s u l f a t e s .  Depending 
upon temperatures  and temperature  g r a d i e n t s ,  t h e s e  s u l f a t e s  may a c t  as  cementing 
a g e n t s  o r  may accumulate as a seg rega ted  phase near  t h e  tube s u r f a c e .  Cyc l i c  
m e l t i n g  and f r e e z i n g  t h e n  causes  e j e c t i o n  o f  non-soluble  p a r t i c u l a t e s  and 
accumulat ion of t h e  seg rega ted  d e p o s i t .  

The 

The s t a c k  plume 

A sys t ema t i c  v a r i a t i o n  i n  a l k a l i  metal c o n t e n t  was no t  appa ren t  u n t i l  t he  da t a  
were a r r anged  i n  t h e  sequence o f  Tab le  111. Data f o r  t h e  s l a g  t ank  sample a r e  
l i s t e d  f i r s t .  Those f o r  t h e  p r e c i p i t a t o r  hopper sample and t h e  c o a l  ashes  a r e  
l i s t e d  l a s t .  I n t e r v e n i n g  d a t a  are i n  the s=:quence o f  i n c r e a s i n g  con ten t  of  f e r r i c  
i r o n  as i n f e r r e d  from c o l o r .  V a r i a t i o n  from t h e  sequence of p o s i t i o n s  along t h e  
flow pa th  i s  a r e s u l t  of s e g r e g a t i o n  of p a r t i c u l a t e  m a t t e r  and t h e  a c t i o n  o f  re-  
t r a c t a b l e  blowers used p e r i o d i c a l l y  t o  blow loose  d e p o s i t s  o f f  t ube  s u r f a c e s .  
h i g h e s t  c o n t e n t  of f e r r i c  i r o n  was found i n  t h e  ha rd  d e p o s i t  on t h e  r e h e a t  supe r -  
h e a t e r  tube.  

The 

Dusty d e p o s i t s  a r e  blown o f f  t h e  tubes  by t h e  r e t r a c t a b l e  blowers .  

I 
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Depending upon agglomerat ion,  t h e s e  tend t o  f a l l  ou t  i n  t h e  economizer hopper o r  
c a r r y  through t o  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r .  
appears  t o  be favored by t h e  f i n e l y  d iv ided  f e r r i c  oxide with some e f f e c t  of  
temperature on o p p o r t u n i t i e s  f o r  s u l f a t e  formation.  Temperatures are lowest i n  
the  p r e c i p i t a t o r .  
d e p o s i t s  on t h e  secondary supe rhea te r ,  l o c a t i o n  2 ,  and t h e  r e h e a t  s u p e r h e a t e r ,  
l o c a t i o n  3. 
t he  unknown times r equ i r ed  f o r  d e p o s i t  formation.  
d e p o s i t s  i s  n e g l i g i b l e  i n  comparison t o  t o t a l  f low ove r  t h e  t i m e  of  t h e i r  formation.  
R e l a t i v e l y  h igh  con ten t  i n  the  p r e c i p i t a t o r  sample i s  o f f s e t  by the  l a r g e r  p o r t i o n  
o f  t h e  t o t a l  ash c o l l e c t e d  i n  t h e  s l a g  tank.  Immeasurably lower c o n t e n t  i n  t h e  s l a g  
tank sample i s  s u f f i c i e n t  t o  provide m a t e r i a l  balance.  The d i s p r o p o r t i o n a t i o n  of 
MgO and SiOp, i n  t h e  d e p o s i t  a t  l o c a t i o n  N o .  3, t h e  r e h e a t  supe rhea te r  l ead  tube ,  
i s  exp la inab le  i n  terms of  t h e  r e s u l t s  of  i n t e r m i t t e n t  o p e r a t i o n  of  r e t r a c t a b l e  
blowers.  Acid formation and a l k a l i  adso rp t ion  extend through the i n t e r f a c e  be- 
tween t h e  cemented d e p o s i t  and t h e  dus ty  o u t e r  c o a t .  Basic  c o n s t i t u e n t s ,  a s  
a g a i n s t  t h e  a c i d i c  s i l i ca  p r e s e n t  i n  segregated p a r t i c l e s ,  are p r e f e r e n t i a l l y  
r e t a i n e d  when t h e  d u s t  c o a t i n g  i s  i n t e r m i t t e n t l y  removed by t h e  blower a c t i o n .  

Reconrmendations f o r  F u t u r e  Study 

Absorpt ion of t h e  a l k a l i  metals 

Condit ions are most f avorab le  f o r  r e a c t i o n  with SO3 w i t h i n  

Material ba l ances  are obscured by d i f f e r e n c e s  between t h e  c o a l s  and 
High SO3 c o n t e n t  i n  segregated 

Data p resen ted  h e r e  are f o r  samples taken from a cyclone-combust ion-f i red-uni t .  
It has  o f t e n  been observed t h a t  t hese  u n i t s  produce r edd i sh  f l y  ash r a t h e r  t han  t h e  
t y p i c a l  g ray  f l y  a sh  from pu lve r i zed -coa l - f i r ed  systems,  i n d i c a t i n g  t h e  presence of 
f i n e l y  d iv ided  f e r r i c  oxide.  Neve r the l e s s ,  t h e  d a t a  i n d i c a t e  t h e  p o s s i b i l i t i e s  f o r  
b e t t e r  understanding of  t h e  r e a c t i o n s  involved i n  d e p o s i t  formation.  Supplemental  
d a t a  on temperatures ,  gas  compositions,  and p a r t i c u l a t e  samples taken from the gas 
stream a t  va r ious  p o i n t s  a long  t h e  gas flow pa th  would be  h e l p f u l .  P r e p a r a t i o n  f o r  
t ak ing  samples from less a c c e s s i b l e  p o s i t i o n s  would a l s o  be h e l p f u l .  

Laboratory s t u d i e s  of  r e a c t i o n s  between gases  and mineral  matter components 
become meaningful only when i n t e r p r e t e d  i n  r e l a t i o n  t o  t h e  c o n d i t i o n s  and m a t e r i a l s  
t h a t  e x i s t  w i t h i n  a c t u a l  steam gene ra to r  systems. Laboratory s t u d i e s  should be en-  
couraged, b u t  they must be coordinated wi th  a c t u a l  cond i t ions  i n  l a r g e  steam 
gene ra to r s .  

Conc l u s  ions 

1) Samples of f l y  ash and d e p o s i t s  were obtained from v a r i o u s  l o c a t i o n s  i n  a 
l a r g e ,  cyc lone - f i r ed  steam gene ra to r .  

2) Wide v a r i a t i o n s  i n  c o l o r  were due t o  v a r i a t i o n s  in f e r r i c  ox ide  con ten t .  

3) V a r i a t i o n s  i n  a l k a l i  metal con ten t  were r e l a t e d  q u a l i t a t i v e l y  t o  v a r i a t i o n s  
i n  f e r r i c  oxide con ten t  and temperatures .  

4) Typical  segregated d e p o s i t s  of complex a lka l i - i ron -a lumina  s u l f a t e s  were 
visual1.y i d e n t i f i e d  wi th in  the  secondary supe rhea te r .  

5) A hard d e p o s i t  on t h e  r e h e a t e r  supe rhea te r  probably w a s  formed by t h e  
cementing a c t i o n  of s u l f a t e s  formed wi th in  the  po res  of  an  ove r ly ing  d u s t y  d e p o s i t  
and incremental  bui ldup of  cemented m a t e r i a l  l e f t  a f t e r  each c y c l e  o f  r e t r a c t a b l e  
blower ope ra t ion .  
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Secondary superheater 

Figure 1 . -  Sampling loca t ions  i n  the cyclone f i r e d  steam generator.  
Location 7 ,  the prec ip i ta tor  hopper i s  not  shown. 
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